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Abstract 

The current understanding of the quantum origin of cosmic struc- 
ture is discussed critically. We point out that in the existing treat- 
ments a transition from a symmetric quantum state to an (essentially 
classical) non-symmetric state is implicitly assumed, but not specified 
or analyzed in any detail. In facing the issue we are led to conclude 
that new physics is required to explain the apparent predictive power 
of the usual schemes. Furthermore we show that the novel way of 
looking at the relevant issues opens new windows from where relevant 
information might be extracted regarding cosmological issues and per- 
haps even clues about aspects of quantum gravity. 
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1 Introduction 



The origin and evolution of the large scale structure of the universe consti- 
tutes a central aspect of cosmology. The widespread view is that our un- 
derstanding of this aspect has developed dramatically in recent times, both 
through the collection of high precision data in observational cosmology pQ , 
and through better theoretical understanding E|: The observations are 
in very good agreement with the theoretical predictions based on the scale 
invariant (Harrison-Zeldovich) spectrum of seed fluctuations and their sub- 
sequent evolution. Such a scale free spectrum would be hard to explain in 
standard cosmology because physical processes in the very early universe 
that might produce it, would have to act on scales larger that the Hubble 
radius. This problem is absent if one considers inflationary cosmology, which 
seems needed as well in order to deal with well known puzzles arising in 
standard cosmology 0]. 

What is more, inflation produces a scale free spectrum of quantum me- 
chanical fluctuations for the quantized inhomogeneous component of the in- 
flaton field, and thus seems to give birth to these seeds of structure through 
a quantum process. 

It seems that we have in fact here one of the big successes of theoreti- 
cal physics in recent times (besides the remarkable, and undisputed achieve- 
ments that it signifies for observational cosmology), and these facts are widely 
viewed as confirmation of an inflationary stage in the very early universe. 1 

In the present paper, we will be concerned with one specific part of the 
picture summarized above, namely the suggestion that inflation not only pro- 
vides a satisfactory understanding of the evolution of the inhomogeneities, 
but even an explanation of their origin: The observed similarity between the 
spectral properties of the (classical) density fluctuations in the early universe 
and the quantum mechanical fluctuations of the inflaton field after inflation 
indeed suggest much more than a coincidence. However, we want to draw 
attention to the fact that a detailed understanding of the process that leads 
from the quantum mechanical to the classical fluctuations is lacking. What 
is needed to justify the connection between the two spectra is a mechanism 
that transforms quantum mechanical uncertainties into classical density fluc- 
tuations. 

1 Note however that recent observations indicate an anomalous lack of power at large 
angular scales, a fact that has lead to some workers in the field to start questioning the 
viability of the inflationary model See also the alternative explanation in 0. 
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This issue has in fact been treated by many authors (see |H1 El UH1 EEU 
EH EE H3 UH1 123] for example), most of whom seem to suggest that the sub- 
ject has been clarified and thus, at least on a fundamental level, possesses 
no further mystery. Indeed most of the proposals seem to invoke nothing 
beyond standard physics to explain the coincidence of the spectra. On the 
other hand this same body of literature can be considered as an indication 
that underneath all of the reassurances to the contrary, there is a remain- 
ing degree of discomfort, and certainly the fact that the different authors 
point to slightly different schemes for this quantum to classical transmuta- 
tion, indicates that each author does not find the schemes espoused by their 
colleagues to be fully satisfactory. Indeed we feel that, at least on a funda- 
mental or conceptual level, the treatments proposed are missing something, 
and we will try to pinpoint the place where there is a missing step in the 
most well known ones. This will lead us to argue that in fact something 
beyond standard physics seems to be required if the essential picture and its 
successful degree of predictive power is to be preserved. At the same time we 
underscore the richness of the physical information that is being overlooked 
when the problem is not addressed head on. 

To illustrate the physics behind that missing aspect, we introduce a sim- 
ple phenomenological model involving a dynamical collapse of the wave func- 
tion as the mechanism that leads to the transition to inhomogeneity. It is 
phenomenological in the sense that it does not explain the transition to in- 
homogeneity by some particular new physical mechanism, but merely gives 
a rather general parametrization of such a transition. We will briefly discuss 
some of the characteristics that the new physics would have to include if 
we wanted it to justify our analysis. We also show how the value of some 
parameters can be studied by comparisons with observational data. 

Since one is ultimately dealing with connecting quantum mechanical quan- 
tities to measurement results, one might be tempted to consider the issue 
described above as related to old and well known interpretational problems 
of Quantum Mechanics, and thus to dismiss it as inconsequential as far as 
the physical predictions for observations are concerned. After all, these in- 
terpretational problems of Quantum Mechanics can be mentioned in every 
instance where use of the theory is made, and we have all grown accustomed 
to the fact that, in practice, those issues have no incidence whatsoever on 
our ability to make correct predictions. We will argue that quite to the con- 
trary, the situation at hand, namely the cosmological setting, is such that 
the way one deals with these issues could have an impact on the predictions 
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for observations. Furthermore, the standard rules that one can rely on, to 
settle all practical ambiguities in ordinary quantum mechanical situations, 
are not available in the present case. The reasons for these differences are 
threefold: First the object that is being treated quantum mechanically is the 
entire universe, and thus the standard separation of the system into subsys- 
tem of interest, observer, and environment, becomes unjustifiable and would 
be in fact subject to completely capricious choices. Second, that we have 
at our disposal just a single system - our universe -, so the recourse to the 
statistical ensemble interpretation of the result of a measurement in quantum 
mechanics is not directly available. And third the fact that not only do the 
observations pertain to the very late causal future of the assumed quantum 
to classical transition, but in fact the existence of the observers themselves 
depends upon the outcome of the measurements. In our view these facts 
indicate, not only, that this aspect of cosmology offers a rather unique op- 
portunity to focus on these so called "interpretational aspects of quantum 
theory" - and to look for clues that might lead to a better understanding of 
them - but point in fact to the conclusion that any satisfactory treatment of 
it requires a step beyond what we currently have as established interpreta- 
tional models of quantum mechanics. We will refer to this unknown aspect 
as new physics. 

The article is organized as follows: In Sectional we review the standard 
description of the inflationary scenario for the origin of the seeds of cosmic 
structure. In Section|3]we make a general critique of the standard description. 
In Section 0] we critically discuss the main ideas that have been put forward 
regarding the transition to classicality. In Section El we point out the nature 
of the missing element and propose some ideas. In Section H we review the 
description of linearized fluctuations maintaining the framework that seems 
necessary to make our proposals in a clear and transparent manner. In 
Section [7| we proceed to make the quantum mechanical treatment of the 
field fluctuations within the setting necessary for implementing our ideas. 
In Section |H] we show how to implement our proposal within the standard 
discussion of the origin of the seeds of cosmic structure. In Section El we 
recover the predictions that must be compared with observational results. 
Section El contains comments and calculations into some further directions, 
and we end in Section with a discussion of our conclusions. 

Regarding notation we will use signature (— 1-++) for the metric and 
Wald's convention for the Riemann tensor. We will use units where c = 1 
but will keep the gravitational constant and h explicit throughout the paper. 
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2 The standard picture 



As mentioned in the introduction there are many treatments of the subject 
differing in technical as well as conceptual aspects. However, they do share 
a "standard core" which we resume here for the benefit of the reader, with 
no ambition toward completeness or rigor 2 . 

1) Start with the action of a scalar field coupled to gravity. 3 

S = J d A x^[-^R[g] - l/2V a 0V^ ab - V(<j>)], (1) 

where g is the space-time metric and the inflaton scalar field. 

2) One splits the fields (g, 0) into a homogeneous-isotropic background 
plus an arbitrary fluctuation assumed to be small, i.e. g = g^+Sg, <p = <f)o+5(j). 
The background geometry go is assumed to be the Robertson Walker space- 
time 

ds 2 = -dt 2 + a(t) 2 (dx\ + dx\ + dx 2 3 ), (2) 

where a(t) is the scale factor and t is the cosmological time. Note that for 
simplicity we have restricted attention to the case of flat spatial slices (k = 
in the usual notation). The homogeneous and isotropic background field O 
satisfies the equation of motion g^'VaVb'Po + <9<?i^[0o] — which due to the 
symmetry assumptions becomes 

0» + 3-«# ) + cWo] = O, (3) 
d 

where primes indicate derivatives with respect to ordinary cosmic time t. The 
second term acts as a friction term. One assumes the so-called slow rolling 
condition 0q = (for an analogy think of the motion an object falling with 
terminal velocity under the influence of gravity in a viscous medium). The 
energy-momentum tensor of the background field is thought to be dominated 
by the potential term, so one takes it to be approximated by 

t^ ] [M = v[Ug ab - 

2 The reader can use for instance as an U P to date review of the subject 

3 That we can assume the universe to be devoid of matter except for the scalar field is 

in fact the result of the early inflationary period that is thought to precede the regime we 

are describing. 
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To achieve slow rolling, the potential has to be sufficiently flat in the region 
where the initial conditions for O are set- Consequently Einstein's equations 
imply that during the inflationary regime we have: 



a(t) = Ae H \ (f)(t) = (f)o(t) = (f) ini tial + <p' t 



(4) 



where H = J(4/3)ttGVo an d V = V\4> initial using the fact that during the 
regime of interest the potential is essentially constant. 

3) Now, turn to the fluctuations, and concentrate on the matter sector: 4 
The scalar field 5<p(x) can be treated as a standard, scalar field on the back- 
ground (J2J). It is useful to decompose it into Fourier modes, since they are 
uncoupled due to the symmetry of the background. For simplicity we intro- 
duce an infra-red cutoff by assuming the spatial slices to be £ := [0, L] 3 , i.e. 
a box of length L. Then the total Lagrangian for 5<p (derived from (Q)) can 
be written as a sum of mode Lagrangians 



for the modes 5<pk = Il» exp(— ikx)5<fi(x) (with kiL/(2ir) G Z (i = 1,2,3)). 
During inflation the equations of motion from (J3J) become 



where one is using that Einstein's equations imply a' /a = H in that regime. 
We remind the reader that at this point one is not indicating that there are 
inhomogeneities of any definite size in the inflationary universe, but merely 
one is considering what would be the dynamics of any such small inhomo- 
geneity if it existed. The issue of their presence and magnitude is dealt with 
at the quantum level, where the fluctuation field is just an operator, and the 
above mentioned matter is associated with the state of such quantum field. 
In fact, the next step is the quantization of the field. Note that in terms of 
the Fourier modes, the Hilbert space for the quantum field will be a direct 
product of Hilbert spaces - one for each mode. 

4 A more detailed treatment would also involve discussion of the metric perturbations, 
and issues of gauge. Note also that in some more recent treatments quantization is 
applied directly to a gauge invariant combination of scalar field and metric perturbations. 



a 3 T k 2 

£k = — \5<J)' k \ 2 x\5(p k 

2 cr 



(5) 





6 



4) For quantization, one needs to chose a vacuum state for the field and 
assume it represents the initial state at the onset of inflation. This state 
is required to be homogeneous (i.e. all n-point functions are invariant under 
translations and rotations in the spatial slice). After all, the point is to 
explain the emergence of the inhomogeneities, rather than merely to assume 
their presence at the onset of inflation and to study their evolution. There is 
an obvious problem in this step, because the choice of a vacuum state is not 
unique in space-times that do not possess a time-like Killing field. Though a 
difficult issue in principle, in practice the results do not depend much on the 
choice of the initial state as long as it approaches a canonical form for modes 
54>k with large k. In the literature a sort of "instantaneous vacuum state" is 
most often chosen as the initial state. In the way we presented things here, 
this corresponds to the assumption that at the onset of inflation the wave 
functions for the mode 5<pk and its canonical momentum itk are Gaussian 
with spreads 

For k » aH the friction term in (JBJ) can be neglected and thus the time 
evolution of the mode 5<pk is just that of a harmonic oscillator (with time 
dependent mass). Then the above choice just amounts to the modes starting 
out in the ground state of a standard harmonic oscillator. 

5) Time evolution of the quantum state: As described above, a mode 
initially corresponding to k » aH is assumed to start out in the ground 
state. As a grows larger the proper wave length of the mode will reach the 
Hubble radius (k = aH) and the friction term in © will start dominating 
the dynamics. As the wave length grows larger one can approximate the 
solution to (JH1) by an over-damped oscillator and the value of the field can be 
assumed to be frozen at its value at Hubble radius crossing. At that moment 
a = k/H so that the fluctuations of 5<p and 71^ can be approximated by 

(A« 2 = ^ (A-*) 2 = (8) 

6) Now the fluctuations (jHJ) are identified with (or, in a more careful for- 
mulation such as in Jl] , "taken as indicative of ) the (classical) spectrum of 
inhomogeneities. For example, often the fluctuations of the energy density 
in co-moving coordinates, 5p, is used as a measure for the classical inhomo- 
geneities. It is easily verified that Sp ~ (f>' a~ 3 7ik- Thus one sets 

\6p k \ 2 ~a-%An k ) 2 -AT 3 (9) 
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at the time the mode k leaves the Hubble horizon. Sp is understood as a 
classical quantity. 

7) The classical density fluctuations are now evolved through the end of 
inflation and into the regime of standard cosmology. It can be shown that 
the spectrum of the fluctuations at the time they exit the Hubble radius 
is proportional to the spectrum at the time they re-enter. Thus one has 
(<5/}fc)enter ~ k~ 3 ^ 2 which is the scale free Harrison-Zeldovich spectrum. The 
classical fluctuations are then evolved further to take into account the matter 
dynamics, leading to the famous acoustic peaks. 

8) The resulting evolved spectrum is compared with the observations of 
the CMB. Furthermore, these departures from homogeneity and isotropy are 
thought to be the seeds for the evolution of the structure that we see in the 
our universe, and that are in fact necessary for our own existence. 

This is in essence the standard account of the process for obtaining the 
seeds of cosmic structure formation that forms the basis of the analysis of 
cosmological data, and in particular of the CMB anisotropies. 

3 A critique of the story 

The previous analysis is remarkable: The universe starts in a homogeneous 
state and ends up with inhomogeneities that fit the experimental data. How- 
ever, as we will argue in the following sections, this is not fully justifiable by 
"standard physics" . We should point out from the start that many authors 
do acknowledge the existence of a gap in our understanding, for instance 
[Til Ho] , and some do propose ways to deal with the issue in more detail (see 
ex. [7J |Hl HB 123 EE])- There is also a large literature on issues of quantum 
mechanics in the context of cosmology in general (ex. fUl 123 123 )• The 
discussion that follows is addressed to those colleagues that are not fully 
aware of the problem, and to those that believe that there is no problem at 
all. 

The first point that we want to make is that the above analysis can not 
be justified through standard quantum mechanical time evolution. If this is 
not already obvious from the particulars of step 6, just note that as already 
stated above, the initial quantum state is symmetric 5 (i.e., homogeneous and 

5 The vacuum state denned in step 4 is invariant under the action of the symmetry group 
of the background. Even though it can be written as a superposition of states which are 
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isotropic) and the standard time evolution does not break this symmetry, 
thus it can not explain the observed inhomogeneities. The states obtained 
in other natural schemes, such as the one arising from the "No Boundary" 
boundary condition in quantum cosmology are equally homogeneous and 
isotropic, as can be seen explicitly in eq 8.6 and 8.9 in [T7] . 

Let us now look at step 6 in more detail: The essence seems to be that a 
classical quantity is identified with (the square root of) a quantum mechanical 
expectation value. This suggests that one might be able to view the procedure 
of step 6 in the framework of a semiclassical theory, i.e. one in which a 
part of the system is described classically, while another part is described 
quantum mechanically. A hallmark feature of such type of descriptions is 
that classical quantities are coupled to the quantum sector via expectation 
values. While not satisfactory as fundamental theories, they nevertheless 
often have some validity as effective theories. However, we note that two 
things are remarkable about the prescription of step 6 and set it apart from 
semiclassical theories such as semiclassical gravity: a) In step 6 a classical 
quantity couples to the square-root of the expectation value of the square of 
its quantum counterpart, b) The use of Fourier transforms in step 6. The 
choice involved in a) is certainly not the simplest possibility, and not the one 
chosen in standard semiclassical treatments. Point b) would not be an issue if 
the relation were linear, but raises concern due to the choice made in a). For 
instance, what if instead of plane waves one uses spherical harmonics in the 
mode expansion? The non linear nature of a) implies that this will affect the 
result. Note also that both a) and b) must be required to achieve the result of 
the standard view described in the previous section. If we drop any of the two 
we do not get the sought-for inhomogeneities. For instance, identifying the 
square root of the expectation value of 5(f) 2 (x) with the classical counterpart 
(i.e. dispensing with b)) leads to a result that is independent of x, and thus 
it is homogeneous. Identifying the expectation value of <pk with its classical 
counterpart (i.e. dispensing with a)), leads to a homogeneous result (zero, 
in fact) as well. 

One quite often reads the following argument to support a) and b): A 
simple calculation shows that < 0^ > is equal to the Fourier transform of 
the auto-correlation of the two-point function of <fr(x), and thus quantifies 

not symmetric by themselves the superposition does not select any direction and looks the 
same at every point on the homogeneous t =constant slices. This is completely analogous 
to the Poincare invariance of the standard vacuum on Minkowski space-time. 
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correlations of the field at different points. The observations are then argued 
to be a measurement of these correlations, because one is measuring the 
differences in the temperature of the CMB between different directions in 
the sky. We do not find this convincing however, because although WMAP 
in fact works as a differential thermometer, it does so in a way that allows one 
to obtain a map of the temperatures in the sky, and it is this map which is 
subjected to a Fourier analysis from which the observational power spectrum 
is read. 6 

One may want to interpret step 6 as an effective description of some sort 
of measurement process or "collapse of the wave function" . This seems to 
be plausible, as step 6 involves expectation values of squares of operators, 
i.e., quantities that measure the spread of measurement results according to 
standard quantum mechanics. Furthermore, a measurement can break the 
symmetry of the initial state and produce, in our case, inhomogeneities. This 
scenario would be quantum mechanics at its core: The unitary evolution (the 
U process in of the quantum state with a symmetry preserving Hamilto- 
nian will not break the initial symmetry of the state, but a measurement of an 
observable whose eigenstates are not symmetric, forces the system (through 
the collapse, called R process in jTH]) into one of the possible asymmetric 
states. The onset of the asymmetry (in standard interpretations of quan- 
tum mechanics) occurs only as a result of the measurement, and then, only 
when the measured observable does not commute with the generators of the 
symmetry. 

However this scheme, applied to the situation at hand, immediately raises 
many questions: What constitutes the measurement in our cosmological sit- 
uation? When did it happen? What is the observable that was measured? 
Perhaps the answer is somehow connected to our own observation of the sky? 
Are we to believe that until 1992 [20J the CMB was in fact perfectly homo- 
geneous? Hardly, as we know the conditions for our own existence depend 
on the departures from homogeneity and isotropy in our universe, and thus 
our actions could not be their cause. 

Moreover, the predictive power of quantum mechanics regarding one sin- 
gle measurement is rather small (in the EPR case the only absolute prediction 

6 After all, if it were technically possible to replace the comparison of temperatures at 
two different points in the sky with, say, the comparison of the temperature of a single 
point in the sky with the temperature of a reference body within the satellite, one would 
not expect the resulting temperature map to change (unless one is prepared to argue the 
CMB really is a quantum system in a higly non-classical state). 
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for one experiment concerns to the situation in which the two measuring axes 
are perfectly aligned). How is it, then, that we have such a predictive power 
in regards to the single measurement of our sky? One could think that this is 
due to the fact that we are measuring many regions in the sky and that each 
should be considered as a different measurement, but this is not the case: 
The measurement of the amplitude in one single mode requires the Fourier 
transform on the whole sky. The fact that the actual measurements involve 
(for technical reasons) smaller regions than that, is in fact responsible for 
uncertainties in the measurement of the quantity of interest. 

Step 6 might effectively describe some sort of measurement, but important 
questions have to be answered: 

1. What is performing the measurement? 

2. Precisely, what is the set of quantum observables that is being mea- 
sured? And what determines them? 

3. When is this measurement taking place? 

4. Can the above questions be answered in such a way that the ensuing 
predictions are in agreement with observations. 

One further issue that needs discussion is the nature of the different av- 
erages, fluctuations and in general statistical issues that are present in the 
problem and that are sometimes treated as if no differences even of princi- 
ple did exist. First we have the quantum mechanical aspect of the problem, 
reflected for instance, in the evaluation of expectation values of observables. 
Here the statistical nature is reflected in the usual indeterminacy of future 
measurements of certain quantities when the state of the system does not 
coincide with an eigenstate of the observable. However let us imagine for a 
second that we could find an operator that measured the degree of cosmic 
inhomogeneity of the system. It is clear that the vacuum would correspond 
to an eigenstate of such operator with zero eigenvalue. If that was the observ- 
able that is measured, the inescapable result would certainly be problematic 
for the standard analysis that is supposed to lead to the observed spectrum 
of fluctuations. The point is not to discuss whether this operator exists or 
not but to note that the statistical aspect associated with the quantum me- 
chanical picture would emerge only when the particular observable associated 
with a measurement is selected. Next we have the statistics associated with 
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the classical ensemble represented by the stochastic field and the correspond- 
ing inhomogeneities characterizing the corresponding ensemble of universes. 
And finally we have the statistical description of the inhomogeneities within 
our own universe, which can be thought of as an arbitrary generic realization 
within the ensemble of universes mentioned before. Here the point is to dis- 
tinguish in principle, between the statistics in the ensemble of universes, and 
the statistics within one (our own). We are used from our experience with 
statistical mechanics to identify averages over ensembles with physical expec- 
tations, however we must recall that these identifications rely on two other 
identifications: The identification of the ensemble averages with the long 
time averages (a fact that relies on the validity of the ergodic assumptions), 
and the identification of long time averages, with the results of physical mea- 
surements, a fact that relies on equilibrium considerations. Needless to say, 
that none of these conditions are present in the problem at hand. Some of 
these issues have motivated the considerations in [TH] . 

The claim that there exist a prediction regarding the primordial den- 
sity anisotropies and inhomogeneities in the universe could not be sustained 
without addressing these questions. 

4 A look at proposed ideas on the transition 
to classicality 

In this section we give a quick overview of the most popular ideas proposed 
to address these issues, and attempt to exhibit as clearly as possible their 
incompleteness, by signaling the point at which a "missing element" makes a 
disguised appearance, or at least indicating the place where it should have en- 
tered in order to justify the subsequent interpretation given to the computed 
quantities. 

Standard Decoherence 

Decoherence in its standard interpretation describes the fact that when con- 
sidering a quantum system with a very large number of degrees of freedom, 
most of which are ignored (by considering them as "the environment"), the 
density matrix for the subset of the remaining, interesting "observables" , 
evolves under certain circumstances, and after suitable time averaging, to- 
wards a diagonal matrix. This is sometimes said to represent the emergence 
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of the classical behavior of the interesting observables. There has been cer- 
tainly a large amount of work on this field, most of it devoted to evaluating 
the time evolution of the previously mentioned density matrix in various 
types of situations, or more specifically to studying the decoherence func- 
tional. There is however much less work devoted to interpretational issues 
and it is fair to say that decoherence has not solved the measurement problem 
in quantum mechanics (21] • In fact, the diagonal character of the resulting 
density matrix point to the disappearing of certain quantum aspect of the 
problem. That by itself is certainly not enough to claim that the situation 
has become completely classical: A non-interfering set of simultaneous co- 
existing alternatives is not something that can be thought of as belonging 
to the realm of classical physics. This sort of criticism regarding such inter- 
pretations of decoherence have of course been made before, for instance see 
section, 2.3.4 of [221 ■ Moreover the diagonal nature of the density matrix 
would disappear if we write it using a different basis for the Hilbert space of 
the quantum system, clearly indicating that even this aspect of the so called 
classicality has a limited validity. 

Thus, the main issues that confront the decoherence approach to the 
measurement problem in quantum mechanics are the selection of the basis, 
and the fact that after one has a diagonal density matrix, one is in general, 
still a big step removed from an interaction specific eigenstate for the desired 
observable. In the standard case one can progress beyond this point by 
invoking the measurement apparatus to help select the basis, and by using the 
ensemble interpretation to deal with the density matrix. These two aspects 
are clearly absent in the cosmo logical situation we are considering 7 . In fact 
the need for going beyond standard quantum mechanics in this context has 
been noted before |2S1 121] (and we will discuss this line of thought further 
at the end of this subsection). Furthermore, if one wants to claim that 
decoherence solves the problem in the cosmological setting at hand, one must 
find a preferential basis selected by a physical mechanism, and a criterion for 
the separation of the degrees of freedom into the "interesting set" and "the 
environment" dictated by the physical problem at hand. In some schemes 
one might be able to unify these two issues into one by arguing that the 
environment determines the relevant basis to be that in which the system 

7 As we already mentioned, taking the position that the measurement is in fact our 
own series of studies of the CMB, leads to a closed circle of causes and effects, with an 
explanatory power that is highly doubtful to say the least. 
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apparatus environment interaction is diagonal j2Zj. In any case, the result 
would then naturally have the imprint of these two inputs - perhaps unified 
into one - but so far no universally accepted prescription for such choices 
exits, nor can such selection be fully justified, in the standard descriptions of 
the origin of the cosmic density fluctuations. For instance, one might want to 
argue that one needs to trace over the very large wavelength modes, because 
they are unobservable, as is done for instance in |27| . but as the part of the 
universe that is observable by a co-moving observer is certainly dependent 
on the cosmological epoch, the tracing would depend on the cosmic time 
of the observer, but as such it can not be argued, unless we do away with 
causality, to play a role in the onset of inhomogeneity and anisotropy in the 
early universe. Quite generally, we can not allow our own characteristics 
and limitations to come in into the argument, if our hope to explain the 
asymmetries that give rise to the conditions that make our existence possible. 

Actually, in some of the treatments invoking decoherence one finds at 
some point of the discussion, an appeal to a "a specific realization" (|7] sec. 
3, sec. V) of the stochastic variables, in a clear allusion to something that 
can be called the "collapse" from the statistical description of the universe, 
into one of the elements of the statistical ensemble. 8 This is the point, of 
course, when we transit from a homogeneous and isotropic description to 
an inhomogeneous and anisotropic one, presumably corresponding to our 
universe. However nothing is said about when and how the transition occurs 
in our universe. 

In fact what seems to be an insurmountable issue in this scheme is the fol- 
lowing: Even if we go from a perfectly symmetric state (the symmetry being 
homogeneity and isotropy), to a density matrix for a subset of the physical 
degrees of freedom, which is expressed in a basis in which the non-diagonal 
elements are negligibly small, through a justified selection of the degrees of 
freedom that should be considered environment, one could not end up with 
an asymmetric mixed state, as there is nothing in the physical laws or the ini- 
tial situation that could lead to such breakdown of the symmetry. Thus the 
mixed state described by the density matrix is still perfectly symmetric. The 
density matrix is then given a statistical interpretation, by which we stop 
regarding the matrix as representing the state of our universe, and instead 
view it as representing a statistical ensemble of universes, among which we 

8 Note that other schemes are based to some degree on this sort of specific realizations, 
without calling them by this name - see for instance |28j 
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find our own. The ensemble as a whole is clearly symmetric, but leaves room 
for each of the elements in the ensemble to be asymmetric. This is how we 
end up with an inhomogeneous and anisotropic universe. However, it is clear 
that this does not address at all any of the characteristics of transition of 
our universe from an initial symmetric state, to such a resulting asymmetric 
state. This problem affects all the schemes based on decoherence, including 
the detailed treatments in j2H], and if we seek a realistic understanding of the 
origin of inhomogeneity and anisotropy in our universe, this approach would 
clearly be missing something. 

After this discussion of the difficulty of applying the standard picture of 
decoherence in the cosmo logical context, we would like to mention the ideas 
of Hartle and collaborators. We have placed them here even though they call 
for a generalization of Quantum Mechanics. In fact, we view his arguments 
for the need of a generalization of Quantum Mechanics to be applicable not 
only to quantum gravity, but also to cosmology (j2H 1213 , an d references 
within) as further indications for the need to go beyond standard physics. 
The particular generalization of Quantum Mechanics that has been suggested 
involves the assignment of a decoherence functional to allowed sets of coarse 
grained histories. One such set of coarse grained histories decoheres when 
there is no quantum mechanical interference among the different alternatives. 
In that situation we are able to assign definite probabilities to the particular 
alternatives. In the case at hand this would have to be applied to the histories 
starting during the inflation period in early universe to the formation of large 
structures and eventually to ourselves. 

We should however mention some problematic aspects of this proposal: 
To start with, the division of the global set of all fine grained histories into 
sets of coarse grained histories might be done in various ways, leading to 
different decoherent sets (251- Second, the coarse graining, and corresponding 
decoherence, arises only when we ignore certain degrees of freedom, and the 
justification for doing so, relies on what we, as humans living in this particular 
era, could in principle observe and what we can not. This is fine, except in 
the case that what we seek to understand is the emergence of the conditions 
that lead to the possibility of our own coming into existence. It is clear that 
in that case we can not call upon some of our own characteristics as a part 
of the explanation. 
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Decoherence without Decoherence 

This can be viewed as a particular realization of the ideas of the previous 
case. Its main appeal is that one needs to consider only the scalar field and 
no other physical system is required to play the role of "environment" . The 
point is that certain modes of the scalar field vanish asymptotically in time 
as a result of the inflationary dynamics of the universe. These modes are 
then deemed unobservable, and one is then invited to treat them as such, 
taking the appropriate trace and obtaining a mixed state from what was 
initially a pure quantum state of the field (ex. jZllH])- This approach not 
only suffers from the same drawbacks that affect the decoherence approach 
in general, but also from what seems as a further interpretational excess: 
To have expectation values or higher moments of a mode converge to the 
zero value is not the same as making it unobservable. Zero is just as good 
a value for a scalar field as any other one. Moreover it is clear that even 
if one would agree on the non observability of certain degrees of freedom, 
that does not imply necessarily that the system as a whole needs now to be 
treated as a mixed state. There could be other reasons that fix the state of 
those degrees of freedom. A proton can, in the appropriate circumstances, 
be described as a pure quantum state, despite the fact that in these same 
conditions its microscopic constituents - quarks and gluons - might be, in 
practice, unobservable. 

One novel aspect that is sometimes invoked in these treatments is the 
squeezing of the vacuum [7[|H]. That is, one notes that during the inflation- 
ary stage the initial vacuum state for each mode, evolves towards a squeezed 
state. We recall that a squeezed state is a state that has the minimal uncer- 
tainty but not in the standard position and momentum variables but a new 
pair of "rotated" canonical variables. Thus, in our case, one has an uncer- 
tainty on the value of field and conjugate momentum which is much larger 
than the minimum uncertainty provided by quantum mechanics. Thus one 
concludes this minimal uncertainty (indicated by Q.M.) is negligible com- 
pared with the actual uncertainty and thus that one can neglect quantum 
mechanics. This is taken as an indication that there has been a transition 
from the quantum to the classical behavior. This conclusion does not seem 
to be sufficiently justified, as can be seen by noting that in many concrete sit- 
uations, such as those studied in Quantum Optics, one deals precisely with 
states that have uncertainties in conjugate quantities that are larger than 
the minimal ones provided by Q.M. and nevertheless there are situations 
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- for instance when one is interested in experiments sensitive to quantities 
other than the ones in which the system is seen as squeezed - that one must 
take into account that one is dealing with a system that must be treated 
quantum-mechanically. 9 

We conclude that it is clearly insufficient to have the product of the 
uncertainties being much larger than H as criterion for classicality. One 
could consider instead as criterion for classicality the requirement that the 
volume of phase space occupied by the system, as measured for instance by 
the support of the Wigner functional, be much larger than fi. This condition 
is however not satisfied by a squeezed state. For a critical discussion of these 
issues in the context of inflation see also [TT] 10 . 

And of course we have the other issues that have been pointed out re- 
garding the general scheme of decoherence as describing the transition from 
a quantum, homogeneous, and isotropic state of affairs to a classical (or 
quasi-classical), inhomogeneous and anisotropic situation. 

Alternative to Inflation 

In a recent work Wald and Hollands [5] have shown that is possible to recover 
identical predictions as those afforded by inflation, regarding the spectrum 
of the seeds for cosmic structure formation, without requiring the universe 
to have gone through an inflationary stage. They start by considering again 
the dynamics of a scalar field in a background cosmological setting. In their 
model, the inhomogeneities in the universe originate while the universe is 
dominated by radiation or dust so that the scale factor grows as a(t) = ct a 
with cosmic time t, where c is a constant and a < 1. Their model just 
requires that all modes would have been in their ground state (as in the 

9 The problem can be seen more clearly if we look at the following example. Take an 
electron in a minimal wave packet localized at the origin such that the uncertainty in the 
position AX = a and that in its momentum is AP — h/2a. Now construct a superposition 
of such state with an identical state after a translation by a large distance D. The product 
of the uncertainties is now roughly Dh/2a which can be made as big as desired by taking 
D sufficiently large. Clearly the system is nevertheless far from being classical. 

10 It is illustrative to mention, in the context of this example, that one might add to 
the electrons their spin degree of freedom and consider the state where the electron at the 
origin has its spin up, superposed with the displaced state where the spin is down. Now 
consider the density matrix obtained by ignoring the spin degree of freedom, (and thus 
tracing over it). In that case we would have an essentially diagonal density matrix in the 
position basis, but one could not argue that one has a classical situation. 
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standard picture), and that the fluctuations are "born" in the ground state 
at an appropriate time which is early enough so that their physical length is 
very small compared to the Hubble radius, and then they "freeze out" when 
these two lengths become equal. The presentation of their model actually 
allows one to see clearly the need for some process that would be responsible 
for the so called "birth" of the fluctuations, which can be seen to play a role 
similar to that of quantum mechanical measurement. In fact the so called 
"birth of the mode" is the step whereby a quantum mechanical uncertainty is 
replaced, in their treatment, by an actual classical fluctuation of the energy 
density, and the point at which a particular mode that has been contribut- 
ing in an absolutely homogeneous and isotropic way to the universe density, 
becomes a source of the inhomogeneities that presumably are responsible for 
the structure in the matter distribution of the early universe. The issues 
are then: What physical process is responsible for these "births", or trans- 
mutation of the fluctuations? And how is it that such process selects the 
particularly appropriate time of such occurrence for each particular mode? 

The 'many universes' perspective 

One view that is apparently very widespread among the community working 
in inflation (but much less represented in the corresponding literature), is 
what can be called the Many Universes perspective. According to this point 
of view, our universe is one among a large number of universes that constitute 
an ensemble, and it is this ensemble what is in fact characterized by the 
quantum state that is homogeneous and isotropic. The standard treatment 
is then interpreted as reflecting the most likely aspect our universe can be 
expected to have, when considered statistically within such an ensemble. 
In such an interpretation there appear to be no open issues, no need for a 
collapse, and certainly not new physics. 

Note that this would have to be quite different from the Everett, or Many 
Worlds, interpretation of Quantum Mechanics. In the latter, reality is made 
of a connected weave of ever splitting worlds, each one realizing one of the 
alternatives that is opened by what we would call a quantum mechanical 
measurement. It is thus clear that the points of splitting, the basis in which 
the splitting occurs, and the physical entity associated with the triggering 
of the splitting are in one to one correspondence with the aspects we have 
mentioned before which are associated with the collapse of the Copenhagen 
interpretation (time of measurement, basis, and measuring device). In the 
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Many Universes paradigm there is no splitting, as that would have amounted 
effectively to a collapse and would then be subjected to the equivalent set of 
questions: When did the splitting occur? What caused it? And how was the 
basis in which it happened, selected? In particular, it should be emphasized 
that from such "Many Universes" point of view, our universe was never 
homogeneous and isotropic. Let us however examine in more detail what 
such view entails. 

In the most direct interpretation of such posture we would have a collec- 
tion of universes, each one of which has a definite and concrete realization set 
of the asymmetries (the symmetry being of course homogeneity + isotropy). 
However, when this is being said, we clearly imply that each one of these uni- 
verses would be susceptible to have a description, in particular, a description 
of its asymmetries. That description must be either classical or quantum 
mechanical. 

If we take the first option, we would be taking the position that quantum 
mechanics is a theory applicable to ensembles of systems. In this view, we 
must confront two aspects, a) each one of the elements of the ensemble can 
indeed be described in a classical language, and b) the quantum mechanical 
description contains information only about the statistics that results from 
repeated experimentation applied to the collection of elements constituting 
the ensemble. Aspect b) of this posture, i.e. the applicability of QM only to 
ensembles, is in itself problematic given the absolute nature of the prediction 
regarding a single system that can be made in certain special circumstances 
(like when dealing with eigenstates of the operators to be measured or when 
there are superselection rules totally forbidding certain processes), for more 
on this issues see [3U] . But even more disquieting is aspect a) of the posture, 
namely the one where one advocates that each member of the ensemble has 
a classical description. This position would revert one to a sort of "hidden 
variable" advocacy, which would say for instance that in an EPR set-up 
each electron has a well defined value of its spin components even before 
the measurement is done, a position which is known to be untenable in light 
of the Bell Inequalities for correlations (See discussion by in |3T] and their 
experimental corroboration [32]). 

If we take the second option, we would be saying that our universe is in 
a quantum state, which is not symmetric, but that, when superposed with 
the other asymmetric quantum states that describe a certain ensemble of 
universes, leads to an homogeneous and isotropic quantum state; the one 
corresponding to the inflationary field vacuum for the initial stages of infla- 
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tion. This seems fine at first sight, however, it is far from what Quantum 
Mechanics prescribes: One does not superpose a state describing one system, 
with the state describing a second system to obtain the collective description 
of the two systems. A further problem appears when we want to take the 
argument in the opposite direction. Namely, taking as the initial assumption 
that the state that collectively describes the collection of universes is the one 
corresponding to the vacuum state of the field and is thus homogeneous and 
isotropic, one must end up with a decomposition of that state in a particular 
basis (of non-symmetric states) of the Hilbert space in order to associate to 
each universe a corresponding quantum state. Now we face two issues. First, 
the election of such basis, is not given "a priori" by the formalism. One can 
certainly think of ways to make the choice, and such choice would correspond 
to the selection of the quantity that is "measured" in ordinary Quantum Me- 
chanics. This aspect is missing in the standard descriptions. In fact it would 
correspond to whatever selects the basis in which the collapse takes place 
in our approach. The supra-temporal selection of the basis (supra-temporal 
in the sense that, from this point of view, each universe is from the onset 
in a specific non-symmetric quantum state) has no counterpart in ordinary 
Quantum Mechanics. For instance when considering an EPR correlated pair 
of electrons one could not take the position that there is a multiplicity of 
universes and that in ours each electron is in a specific state of its spin at all 
times along its path. Similarly, when considering an electron in its ground 
state in a hydrogen atom one would not argue that in our world the electron 
is in an eigenstate of the position and that the ground state corresponds 
in fact to a description of a corresponding ensemble of universes with fully 
localized electrons. This aspect is therefore novel to the situation at hand, 
and as such would qualify also as New Physics. 

The second problematic aspect is the following: In taking this point of 
view, our universe would be considered as always having been in a state that 
is anisotropic and inhomogeneous. It would have never corresponded to the 
vacuum state of the scalar field. Then, one might find uncomfortable the 
idea that placing our universe within an ensemble together with a large set 
of unobserved universes, one might be able to make predictions about our 
particular one. In other words, if we do not assert that our universe started 
in the scalar field's vacuum, how could we end up with prediction for its 
anisotropy that takes such a state as the starting point? Some readers might 
argue that this is an epistemological complaint, and dismiss it, while others 
would sympathize with the uneasiness. In any event it is worth noting that 
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this aspect is there. 

The final option that seems to be open within this general point of view 
asserts that our universe was indeed, together with all the elements in the en- 
semble in the start corresponding to the homogeneous and isotropic vacuum 
state of the scalar field. That all these possibilities thus evolved "simultane- 
ously" and that in each one of them (or at least in a great many of them) 
structures such as galaxies and stars formed out of the initial asymmetries, 
and that observers like ourselves then evolved in some of the solar systems, 
and that these observers thus carried out the observations that selected the 
basis in which a standard type of measurement-induced collapse occurred. 
The problem of course is that only in very special basis would the galaxies 
stars and observers themselves exist to carry out the observations that effect 
the measurement-like collapse and concomitant selection of the basis. 

Finally, and as a cautionary note against the hope of finding a coherent 
and orthodox description of the situation, one should keep in mind the fact 
that the Copenhagen interpretation is inviable without outside observers. We 
can not be part of the system, and our existence can not, thus, be explained in 
such scheme. If the purpose of cosmology is to give a picture of the evolution 
of our universe that explains the way its present form and content - including 
ourselves - is arrived at, that particular point of view will be always lacking. 

5 The missing element 

As we have seen, all the scenarios that have been considered are incom- 
plete and unsatisfactory in some way or another. A close inspection actually 
reveals that they are all missing some element: The process whereby a per- 
fectly homogeneous and isotropic state (for the universe is homogeneous and 
isotropic and so is the vacuum quantum state that one assumes for the scalar 
field) , transforms into an inhomogeneous and anisotropic state which is what 
is described by the density fluctuations. There is clearly no deterministic 
mechanism that can achieve this without the introduction of some external 
source of asymmetry. Barring such source, we need to recur to quantum 
mechanics. However even when doing so, one is only able to provide for 
what is required as part of the so called R process (measurement, collapse, 
etc.) but not during the U process (unitary evolution through a Schrodinger 
type equation). Thus if a measurement-like process is absent there can be 
no transition. The problem is then the absence of a sensible candidate for 
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such process. This is because in the early universe which is homogeneous and 
isotropic one can not select a canonical quantity that is the one that would 
be measured, and much less the measurement agent or mechanism. After 
all, that would require an effective division of the universe into system and a 
measuring device, and it is clear that physics, in this case, does not indicate 
such division along any lines we know off. 

The main points of this article are, first to indicate that such aspect is 
missing and to argue that it requires new physics, and second to show that 
by making rather modest suppositions we would be in a position, thanks to 
recent advances in observational status of cosmology, to actually say some- 
thing non trivial about the characteristics that this new physical process 
must possess. A further speculative discussion about the possible nature of 
this new physics will be included. 

The standard view, supplemented by the physical col- 
lapse hypothesis. 

Our approach here is to explore the necessary ingredients to make the stan- 
dard picture interpretationally accurate, with a minimal set of assumptions, 
and to carefully identify where they occur. We will assume that there is 
indeed a new physical mechanism that is responsible for the transformation 
of the ground state into a state that contains the fluctuations that are re- 
sponsible for the departure from homogeneity and anisotropy. We will call 
this process the collapse. Apart from this the treatment will be carried out 
following the standard rules of unitary quantum mechanical evolution. We 
will attempt to extract the conditions that will enable us to recover the stan- 
dard predictions of the inflationary model for the appearance of the seeds for 
cosmic structure, while exposing the points where we need to depart from 
that treatment, in the sense that the uncomfortable points will not be hidden 
by the formalism. 

The idea is then to follow the standard picture up to the point 6 in Section 
121 and supplement it by the collapse hypothesis. As we mentioned before, 
we will neglect the hydrodynamic evolution corresponding to point 7, and 
assume that we have direct access to the unmodified spectrum. That is, we 
will discuss the conditions under which we could understand the observation 
of a scale free Harrison Zeldovich spectrum, directly in the CMB. 

The scheme we have in mind is thus: 
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1) We split scalar field and metric into "background" parts and pertur- 
bations and specify the background. 

2) We treat the scalar field perturbation as a quantum field evolving in the 
classical space-time background according to the standard unitary evolution 
given by its dynamics, except at moments when gravity (or something else) 
triggers a collapse of the quantum state of the field. 

3) The collapse itself will be described in a purely phenomenological man- 
ner, without reference to any particular mechanism. 

4) We couple the metric perturbations to expectation values of the scalar 
field according to semiclassical Einstein equations 

G ab = 8ttG < T ab > (10) 

As implied by 2), we do however neglect the back-reaction of the metric 
perturbations on the scalar field evolution because they are suppressed, as 
we will show. 

We must note that in the moments where collapse does occur, the semi- 
classical Einstein equations (fTU|) are violated. 11 The view we take here is 
that in these moments a more fundamental description, possibly a theory of 
quantum gravity, would provide the correct equations for the collapse. Thus 
this is certainly a very schematic picture that must be further studied, ana- 
lyzed, and specified, if we want to construct a complete model. At this time 
we are interested only in finding out the basic aspects that the model should 
have in order to actually account for the observational facts. On the other 
hand we should point out that the scheme is certainly inspired by the ideas 
of Penrose ^Hj regarding the role of quantum gravity in the collapse of the 
wave function in general circumstances, and that ideas of this sort of mech- 
anism have been proposed quite independently from any quantum gravity 
consideration, in the context of the interpretational problems of Quantum 
Mechanics [33J. 

We proceed now to give a more detailed analysis. In particular, and in 
order to be able to discuss more clearly the ideas related to the collapse pro- 
posal we will decouple the treatment of the gravitational degrees of freedom 
from those of the true scalar field which will be quantized in a standard way. 

11 We thank Prof. A. Ashtekar for pointing this out. 
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6 Linearized Einstein's equations and the evo- 
lution of small fluctuations 



We will consider here the metric and field perturbations taken as classical 
test fields evolving in the background geometry. As the metric (J2J) is confor- 
mally Minkowski, it is convenient (and customary) to go over to a new time 
coordinate 77 ('conformal time') that makes this explicit. To make things 
more definite we set t = and rj = to mark the time at which inflation 
ends. Thus we have 77 = / ' a~ 1 (t')dt'. To finalize fixing our conventions we 
set the scale factor to be 1 at the present time to- The background metric is 
then 

ds 2 = a 2 (r])[-d7] 2 + (dx) 2 ]. (11) 
During inflation the scale factor is given by 

a(t) = dexp(Hi t), (12) 

where Hi is the Hubble constant during inflation. Thus for t < we have 

M-wP-'"^- a{ "^-m^y (13) 

where r/o = j^. Let us reparametrize the evolution fixing i] = 0. The point 
is then that inflation would end at some t]ie < and afterwards the universe 
will proceed to a standard cosmo logical expansion until at rj — a — 1. We 
will ignore this part of the universe evolution in the rest of the paper. 

It is customary to decompose the metric fluctuations in terms of its scalar, 
vector, and tensor components. In the case of our Einstein-inflaton system 
only scalar (generated by density perturbations) and tensor perturbation 
(gravitational waves) are relevant. Gravitational waves will be ignored for 
simplicity and thus, the perturbed metric (in the conformal gauge) can be 
simply written as 

ds 2 = a(r]) 2 [-(1 + 2§)drf + (1 - 2V)5 ij dx i dx j ] , (14) 

where $ and ^ are scalar fields, the former is referred to as the Newtonian 
potential. 
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Let us first write down the components of the Einstein tensor (G a t> = 
Rab — \g a bR) up to first order in the perturbations: 
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The components of the energy momentum tensor are as follows 
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Finally the scalar field equation yields, to zeroth order: 
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and to first order: 
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5(f) + 2-50 - V 2 <50 + a 2 di ,V[<f)}5<j) - ($ + 3^)0 O - 2^(0 O + 2-0 o ) = 0. (18) 

a a 

Now let us reduce the number of equations by solving some of them. The only 
non-trivial among Einstein's equate 
which leads to Friedman's equation 



non-trivial among Einstein's equations, to zeroth order is Gqq = 87iGTq^ 



3- = 47rG(</> 2 + 2aV[0o]). 



(19) 
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In the linear order let us start from G\j = 8ttGT^P which implies \& = $. 

Using the previous result, the vector constraint equations Gj^ = 8ttGT^ 
imply 

+ - 4ttG0o<50) = (20) 

(X 

which reduces to 12 

$ = +4vrG0 o 50. (21) 
a 

The scalar constraint equation Gqq = SttGT^ becomes 

2V 2 # - 6-^ = 87rG(0 o 50 + 2a 2 W0 o ] + a 2 c^I/[0]50). (22) 
a 

Now, using Einstein's equations to express the potential 
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a a, 



2aV[0 o ] = T W - = (8nG)-\G^ - Gf) = (4ttG)- 1 (^ + ~), (23) 

and substituting this result and the value of ^ from (f2*T]) in equation (J22J), 
we obtain 

• 2 

V 2 ^ = 4ttG(3-0 o 50 + o <ty + a 2 &,W0]<50) + (- - 2- (24) 
a a a 

We write this equation as 

V 2 ^ - fi^f = 4ttG(m(50 + O 50) (25) 

where /i = (2^ — |), and u = 3^0o + a 2 <9<£V[0], which upon use of the 
expression for £^V[0] from (JT7J), gives u = -0 O — O . 

Finally using the expressions for the scale factor during inflation we find 
fj, = 0, while the slow-rolling approximation ^ = corresponds in these 
coordinates to the condition u — 0. Thus the last equation becomes 

V 2 # = 4vrG0 o 50. (26) 



12 This, and some of the following results, follow strictly only for appropriate boundary 
conditions. In later parts of the paper we will be working with Fourier decomposition of 
the various equations and the vanishing of the corresponding equations for each of the 
Fourier mode (except the k = mode) do follow independently of any considerations 
involving boundary conditions. 
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We will work during the rest of the paper with the slightly more general case 
that corresponds to maintaining the /x term to account for possible slight 
departures of the exponential expansion in physical time that is reflected in 
expression (j!3|) . but will drop the u term indicating that we are keeping the 
slow roll regime approximation as important. The reason for this will become 
clear when we will carry out the comparison with the observations. 

Now, let us take a look at the evolution equation of the scalar field fluc- 
tuations; if we use (J2~T|) in the equation for the scalar field perturbation we 
obtain 

5(f) + 2-5<j) - V 2 5(j) + a 2 dl 6 V[(f>]5(f> - 16vrG(0 o ) 2 50 - 2*0 O = (27) 

a 

while using the slow rolling approximation we get 

5(f) + 2^5<f) - V 2 5(j) + a 2 dl^V[(t)]5(t) - 167rG(0 o ) 2 <50 - 2 *^o = 0. (28) 

This differs from the evolution equation of the scalar field perturbations in 
the background space-time. However note that the corrections due to the 
Newtonian potential \I/ are suppressed by the factor G. Thus in our present 
treatment we will ignore the complications of maintaining the terms that 
could be considered as reflecting the effect on the field of the metric response 
to the fluctuations of the field itself. In fact, from our point of view the 
metric would be unchanged until the state of the scalar field collapses, and 
only after that would the metric be changed and could therefore have a back 
reaction on the evolution of the field modes. 

Our main equations will be then the equation for the scalar field in the 
background space-time 

5<f) + 2-5(f)- V 2 5<j) + a 2 dl 4> V[(j)}5<j) = (29) 

(X 

and equation (J25|) . which, upon quantization of the scalar field perturbation 
5(f) will be promoted to a semi-classical equation to determine \I/ in terms of 
< 5(f> >. We will come back to this later. 

7 Quantum theory of fluctuations 

Considering the previous items let us present the standard treatment of this 
topic including a brief review of the usual discussion of the amplification of 
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fluctuations by inflation. We follow in some of the discussion mainly |T2] and 

uni. 13 

The starting point is the assumption is that the dynamics of the universe, 
during the inflationary period, is dominated by the so called inflaton field. 
The inflaton field is a scalar field described by the action 
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Using the form of the FRW line element the previous action becomes 
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In order for inflation to take place some hypothesis about the initial condition 
for the scalar field and its potential have to be stated. One writes the field 
as = 0o + <50> where the background field O is described in a completely 
classical fashion while only the fluctuation 5<p is quantized. 
In these coordinates, the field equation becomes 



- V 2 



+ 2-5<p = 
a 



(32) 



where dots denote derivatives with respect to rj and A is the Laplacian on 
Euclidean three space (whose metric is dr 2 + r 2 dQ 2 ). Note that we have ne- 
glected a terms proportional to <9| 2 V^[0] using the slow rolling approximation. 

If we expand the fluctuation in its Fourier components the equations of 
motion for the mode 5<pk becomes 
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(33) 



It is well known that this equation can be further simplified by going over 
from 5(j) to an auxiliary field y = a5<f). In the resulting equation for y, there 
is no term with a first derivative of the field anymore, 



y 



- j y 
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0. 



(34) 



13 Regarding units we use a convention where the coordinates will have dimensions 
of length (c = 1), a(rj) is dimensionless so Hi has dimensions of inverse length. The 
scalar field has units of (Mass /Length) 1 / 2 and Newton's constant G has dimensions of 
(Length/ M ass) . 
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and in the inflationary regime with a(r]) = —(Hit])^ 1 it can be explicitly 
solved. Obviously, a quantization y of y, will immediately give a quantization 
5cf) = a~ x y of 5<j), so we will now proceed to quantize the auxiliary field y. 

In order to avoid infrared problem we introduce a regularization and 
consider the field in a box of side L decompose a real classical field y satisfying 
(J34j) into plane waves 

y( V , x) = -Le 5 (a k ( V )e ils + S^e"**) , (35) 

where the sum is over the wave vectors k satisfying kiL = 2irni for % = 1, 2, 3 
with rii integers. The coefficients a k (rj) satisfy the equation 

a k + (V - £) a k = 0. (36) 

We quantize y field imposing standard commutation relations between the 
field and its canonical conjugate momentum — ya/a (which is equiva- 

lent to imposing these relations on <fi and its conjugate momentum tc = a 2 0). 
Thus we write 

V(V, x) = jj^k (a k (r])e ik - g + a^e - **) , where a k {v) = Vk{v)a k , (37) 

ykiji) is a solution of ((HBI and is the usual annihilation operator on the 
one particle Hilbert space H = C 2 (L 3 ,d 3 x). Upon choosing the solutions 
Uk{v)i V thus becomes an operator on the Fock space over Ti. Similarly the 
canonical conjugate to y is given by 

( v , x) = ^y(r}, x) - - y(rj, x) (38) 
ar] a 

can be written as; 

frMfo, x) = -Le s , (a^itfe** + a^^^e"^) , (39) 

where g k = y k — %k- To complete the quantization, we have to specify the 
classical solutions y k {j])- This choice is not completely free: To insure that 
canonical commutation relations between y and tt^ give [a k , a],,] = hL 3 5 k ^', 
they must satisfy 

yk(v)9k(v) - y~k(v)9k(v) = ~i (40) 
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for all k at some (and hence any) time rj. The choice of the y k (f]) corresponds 
to the choice of a vacuum state for the field, which in the present case, as on 
any non stationary space-time, is not unique. However, we must emphasize 
that, at this point any such selection of a vacuum (made through the choice 
of the yfe(?7)'s that we take as positive energy modes), would be a spatially 
homogeneous and isotropic state of the field, as can be seen by evaluating 
directly the action of a translation or rotation operators (associated with the 
hypersurfaces rj = constant of the background space-time) on the state. We 
will use a rather natural candidate for such a state, the so called Bunch- 
Davies vacuum. It is characterized by the choice 

^M=^(l±£)«P<±*>>. («) 

and 

9k (V) = ±i^| exp(±ikr]) (42) 

Note that the form of y£ reduces near rj = — oo to that of the standard 
positive frequency solution in flat space. This constitutes our choice of the 
vacuum of the theory. 14 

It is convenient to rewrite the field and momentum operators in as 

V(v,x) = e & *y k (ri), ^\ V ,x) = ^E e***^) ( 4 3) 

k k 

where y k (rj) = y k (r])a k + y~k(v)a-k and ^k(v) = 9k{rf)a k + 9k(rj)a-k- 

Furthermore we will decompose both y k (rj) and ^(77) into their real imag- 
inary parts y k (rj) = y%(rj) + iyl(rj) and rr k (r]) = 7^(77) + m k (rj) where 



y k (v) = ^= (yk(v)a k + ykiv)^) , y T k (v) = ^= (yk(v)a{ + y k (v)a k 



(44) 



*k(v) = ^= (9k(v)a§ + Qkiv)^) , rrKv) = ^= (9k(v)ai + 9k(v)a k ) 

(45) 



where 



1 —i 

a k = -^(a k + a„ k ), a I k = -j=(a k -a^ k ) (46) 



14 Note that the dimensions implied for a k is (Mass) 1 / 2 (Length) 2 which is compatible 
with the dimensionalized commutator [&£,&£,] = hL 3 5k,k'- 
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We note that the operators y^iji) an d vrf 1 ' 7 \rf) are therefore hermitian op- 
erators. The commutation relations of the real and imaginary creation and 
annihilation operators are however nonstandard: 



a k 5 a k' 



hL 3 (S k ^ + 5, 



k,-k> 



a 1 o 7t 



hL 3 (S, 



k,k' 



Jk,-k> 



(47) 



with all other commutators vanishing. This is known to indicate that the 
operators corresponding to k and — k are identical in the real case (and 
identical up to a sign in the imaginary case). 



8 Evolution of the fluctuations through col- 
lapse 

In this section, we will specify our model of collapse, and do the necessary 
computations to follow the field evolution through collapse to the end of 
inflation. 

The collapsing modes 
To describe the collapse of the state the scalar field is in, we will use the 
decomposition of the field into modes. It is imperative that these modes are 
'independent', i.e. that they give a corresponding decomposition of the field 
operator into a sum of commuting 'mode operators', an orthogonal decompo- 
sition of the one-particle Hilbert-space, and a direct-product decomposition 
for the Fock space. Furthermore, we require that the initial state of the field 
is not an entangled state with respect to this decomposition, i.e. it can be 
written as a direct product of states for the mode operators. This ensures 
that the notion of "collapse of an individual mode" will make sense. 

Although the above requirements place some restrictions, there are dif- 
ferent possible choices for this decomposition and the corresponding choice 
of modes, with possibly observable consequences. Until a less phenomeno- 
logical description of the collapse becomes available, we can only be guided 
by simplicity, and the condition that the end result of our calculation be 
compatible with astrophysical observations. Throughout the main text, we 
will use the modes labeled by the wave vector k and the superscript R/I 
in the last section. We will however show that there is a certain degree of 
robustness of predictions under change of the mode decomposition, by re- 
peating the calculations that will follow below - with a different choice of 
decomposition - in appendix 1X1 



31 



Let us be more precise: We will assume that the collapse is somehow 
analogous to an imprecise measurement of the operators y^iv) an d ^j}' 1 (rj) 
which, as we pointed out, are hermitian operators and thus reasonable ob- 
servables. These field operators contain complete information about the field. 
As we have to follow the evolution of these modes during inflation, let us col- 
lect some formulas for the evolution of their lowest moments: Let |S) be any 
state in the Fock space of y. Let us introduce the following quantities: 

iR,I . ~R,I . R,I , t~R,I\2 ^ R,I , ~R,I\~R,I ^ / AQ \ 

d k =< a k >s, <V =<{a k ') >=, e k ' =<a k ' ] a k ' > H . (48) 
In terms of these, the expectation values of the modes are expressible as 

< y* > H = V2Re(y k df I ) , < n { k y)RJ > H = V2Re(g k df I ) (49) 
while their corresponding dispersions are 

(Ay? 1 )! = Reiylcf 1 ) + (1/2) \y k \ 2 (hL 3 + 2ef< 7 ) - 2Re(y k d^f (50) 

and 

(A*f J )l = Re(glc^) + (1/2) \g k \ 2 (hL 3 + 2ef 7 ) - 2Re(g k d R k I f (51) 
For the vacuum state |0) we certainly have d R,! = cf' 7 = e R)I = 0, and thus 
< yf 1 > = 0, < ^ W > = 0, (52) 
while their corresponding dispersions are 

= (V2) \yu\ 2 (hL 3 ), (M^)l = (1/2) \g k \ 2 (hL 3 ). (53) 
The collapse 

Now we will specify the rules according to which collapse happens. Again, 
at this point our criteria will be simplicity and naturalness. Other possibili- 
ties do exist, and may lead to different predictions. To illustrate this point, 
in appendix we will explore an alternative model. 

What we have to describe is the state |0) after the collapse. To keep 
things simple and general, we will not consider specifying the state com- 
pletely, but only the expectation values 

jR,I . ~R,I . R,I . i-R,I\2 . R,I ^ ~R,I\~R,I . / K/) \ 

d k,c=< a k >e, c k>c =< (a k ) > e , e Kc =< a k >a k > e . (54) 
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where the subscript c indicates that we are talking about the post collapse 
values, to distinguish them from their pre collapse values that as we said are 
zero. We will drop that subscript in the following. 

At this point a few remarks on our statistical treatment are in order. We 
view the collapsed state of the field corresponding to our universe to be a 
single state |0) and not in any way an ensemble of states. This would seem to 
result in a difficulty in principle for the attempts to apply statistical analysis 
in our situation, and it reflects a previously mentioned difficulty of principle 
that arises when dealing with the fact that we need a quantum treatment but 
we have just one universe at our disposal. However it is an issue we must face 
if we want to have a clear and realistic understanding of the issues at hand. 
The way we address this issue is related to the fortunate situation that we do 
not measure directly and separately the modes with specific values of k, but 
rather an aggregate contribution of all such modes to the spherical harmonic 
decomposition of the temperature fluctuations on the celestial sphere. In 
order to proceed we construct an imaginary ensemble of universes. Thus we 
have an ensemble of universes characterized by the after collapse state |0)j 
where the label % identifies the specific element in the ensemble . Then we 
will have an independent random series of numbers pertaining to value 
of physical quantities in the collapsed state in each element i in the ensemble 
for every single k (we will be assuming there are no correlations among the 
various harmonic oscillators). Our universe however, corresponds to a single 
element io in the ensemble, leading to the choice for each A; of a number 
from among those random sequences. The point is that the complete 

sequence that corresponds to our universe - i.e. the sequence of specific 

quantities for fixed i but for the full set of k - will, as a result, also be a 
random sequence. 

In our specific calculation this approach will be taken with respect to 
the quantities c c k1 d c k1 e% after considering the issues of relative overall normal- 
ization of the random sequences. In fact in this first treatment we will not 
concern ourselves with the quantities c k , e% which are related to the spread of 
the wave packet after collapse, as this will be the subject of future research. 

Thus we focus on specifying d k : In the vacuum state, y k and 7r^ individ- 
ually are distributed according to Gaussian distributions centered at with 
spread (A^)q and (Att^)q respectively. However, since they are mutually 
non-commuting, their distributions are certainly not independent. In our 
collapse model, we do not want to distinguish one over the other, so we will 
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ignore the non-commutativity and make the following assumption about the 
(distribution of) state(s) |9) after collapse: 

< vffojE) >e= X%, < *? )JV (i>£) > e = X% (55) 

where are random variables, distributed according to a Gaussian 

distribution centered at zero with spread (Ay^' 1 )^, (An^ R,I )1, respectively. 
Another way to express this is 

<y?'fa£)>e = <iV(^)8 = 3%\Vk(vi)\y/hV/2, (56) 



< 



^ W (v c k )>e = x*iy/(Mj? w )* = z%\9M)\y/W/2, (57) 



where x k ,i, x k ,2 are now distributed according to a Gaussian distribution cen- 
tered at zero with spread one. 

We now take these equations and solve for d^' 1 . Defining the angles 
a,/3,7 as a k J = arg(df' 7 ) ,/3 k = axg(y k ), ^ k = &rg(g k ), where the last two 
refer to quantities evaluated at the collapse time r/l, the above equations can 
be written 

\d^\ cos(af' 7 + (3 c k ) = \x*jVhL\ \d^\ cos(af' / + = \x K2 VM?. 

(58) 

The general solution gives: 

\d^\ = VhUDj*' 1 (59) 



= (l/2)ii±^«f + x R k f - 2xjJ/xjf/(l + , fc 2 )- 1/2 ) 1/2 (60) 



with 

f 1/2 

where = fc?7£, and 

cos^f- 7 + z k - tt/2) = xft/QD* 1 ) (61) 

In order to more fully specify the state |6) we would need also to consider 
the quantities 

s(y R >\ = (A^)l(^), s(* {yW ) k = (^ { k yW )Uv c k ) (62) 
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To specify these, and their time evolution, we would have to specify the 
remaining six parameters -Re(cf' J ), Jm(cf : ' / ), and ef' 7 . However, the limited 
set of results that are the concern of this paper are independent of such 
choice, and we will not further discuss the higher moments of |0 > in what 
follows. 

We need to concentrate on the expectation value of the quantum operator 
which appears in our basic formula 

V 2 * - = sT (63) 

(where we introduced the abbreviation s = 47rG0 o ) and the quantity T as 
the aspect of the field that acts as a source of the Newtonian potential. In a 
general situation r = Sep + (^ — j^)5(f), while in the slow roll approximation 

we have r = 5<fi = a' 1 ^. We want to say that, upon quantization, the above 
equation turns into 

V 2 * = s (f). (64) 

Before the collapse occurs, the expectation value on the right hand side is 
zero. Let us now determine what happens after the collapse: To this end, 
take the Fourier transform of ()64|) and rewrite it as 

*M = p^(^)e- ( 65 ) 

Let us focus now on the slow roll approximation and compute the right hand 
side, we note that 5<p = a^ 1 ^^ and hence 

[9k{r}){ak + iflfc) + 9k(v)(^ + ^)] (66) 



For the expectation value we find 



(T*>e = ^-[g k (v)(D^ + iD^i) 

+ Uv^Dk^ + iD^e-^)] (67) 

I 

= VhL 3 k — x 
2a 

(DjJ cos(a£ + krj- tt/2) + iD[ cos(a{ + kq - tt/2)) (68) 
=: VhL s k^-F(k). (69) 
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We note that we can write 

cos(a fc + krj — tt/2) = cos(a fc + 7^ + A fc ) (70) 

where A fc = k(r) — r/l) = kr/ — z k . Then, using the expressions (J58j) . and after 
a longer calculation, we find 

F(k) = (1/2) [A k (x^ + ixl A ) + B k (x* 2 + ix{ >2 )} (71) 

where 



A k = ± sin(A fc ); B k = cos(A fc ) + (l/z k ) sin(A fc ). (72) 

Zk 

9 Recovering the observational quantities. 

Now we must compare with the experimental results. We will only do this 
to a certain approximation since we will disregard the changes to dynamics 
that happen after reheating due to the transition to standard (radiation 
dominated) evolution. 

A crucial observation for what follows is to recognize the fact that we can 
not measure ^ k for each individual value of k. What we measure in fact is 
the "Newtonian potential" on the surface of last scattering: ^/(t]d,xd) which 
is a function of the coordinates on the celestial two-sphere, i.e a function of 
two angles. From this we extract 

a lm = J ty(7i D ,x D )Y* m d 2 n (73) 

In fact the quantity that is measured is -^-(0, (p) which is expressed as 
Y^im a im,Yi,m(@,(p)- The angular variations of the temperature is then iden- 
tified with the corresponding variations in the "Newtonian Potential" by 
the understanding that they are the result of gravitational red-shift in the 
CMB photon frequency v so 4f = 77 = « 5*. Thus we identify 

the theoretical expectation ai m with the observed quantity a* The quan- 
tity that is presented as the result of observations is OBi = 1(1 + l)Ci where 
C\ = {21 + 1) _1 J2 m \ a °m \ 2 - The observations indicate that (ignoring the 
acoustic oscillations, which is anyway an aspect that is not being considered 
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in this work) the quantity OB\ is essentially independent of /, and this is in- 
terpreted as a reflection of the "scale invariance" of the primordial spectrum 
of fluctuations. 

To evaluate the quantity of interest we use (J63|) and (jBDj) to write 



*M =17^^^^)^ (74) 




where we have added the factor U{k) to represent the aspects of the evolution 
of the quantity of interest associated with the physics of period from reheat- 
ing to decoupling, which includes among others the acoustic oscillations of 
the plasma. It is in this expression that the justification for the use of statis- 
tics becomes clear. The quantity we are in fact considering is the result of 
an ensemble of harmonic oscillators each one contributing with a complex 
number to the sum, leading to what is in effect a 2 dimensional random 
walk whose total displacement corresponds to the observational quantity. To 
proceed further we must evaluate the most likely value for such total dis- 
placement. This we do with the help of the imaginary ensemble of universes, 
and the identification of the most likely value with the ensemble mean value. 
These two quantities are reasonably close in normal circumstances, where the 
probability distribution has a single local maximum (the global maximum), 
and is not pathological in some other respect. Let us see how does this work 
in detail: 

Using x = i?o(sin(#) sin(^), sin^) cos(</>), cos(6 1 )) and standard results 
connecting Fourier and spherical expansions we obtain 

* lm = ^^E^^ f H^^U^)^ (75) 

k ^ 

= s \Z5i^^^ F ^ )Wj/((l ^^ D)rim( ^ (76) 

k 

^ — * 

where k indicates the direction of the vector k. Now we compute the expected 
magnitude of this quantity. As a first step we take the square of the quantity 
of interest: 



\a lm \ 2 = * 2 ^^E T|^Ti^ (^ 
L 6 a z rri k -\- ll k' z + a 

k,k' r r 

(77) 
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Now we take its ensemble mean value. The calculation of such mean value 
will be simplified due to the fact that, as usual, the average over the random 
variables will lead to an cancellation of the cross terms. In our case we find 



(F(k)F(k>)} = + 

+ B k B k ,((x* 2 x^ 2 ) + « 2 4,2>) (78) 

where we have made use of the independence among the four sets of random 
variables x kl ,x kl ,x k2 ,x k2 . However we need to recall that within each set 

the variables corresponding to k and —k are not independent. This will be 
reflected by setting = 5 kjk < + h-k* and (x{,x{) = 5 kjk > - 8 k _ k , in 

accordance with the discussion below equation (JTTj) . Thus 



(F(k)F(k')) = (Ai + Bl)5 k , k , (79) 

Thus we arrive to the expression for the ensemble mean value which as we 
said we will consider as a good approximation of the most likely (M.L.) value: 

k 

Now we write the sum as an integral by noting that the allowed values of the 
components of k are separated by Aki = 2tt/L, thus 

(81) 

where C(k) = A\ + B k is in fact a function of k, z k , and r\. 

where in the last equation we have made use of the normalization of the 
spherical harmonics. The last expression can be made more useful by chang- 
ing the variables of integration to x = kRn leading to 

2 s 2 h f U(x/R D fC(x/R D ) , 2 , 3J 

\a lm \ M . L . = — 2 J {x2 + fxRl)2 Ji (*)* dx (84) 
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In the exponential expansion regime where fi vanishes, and in the limit — > 
— oo where C = 1, and taking for simplicity = Uq to be independent of 
k, (neglecting for instance the physics that gives rise to the acoustic peaks), 
we find: 2 2 

Wlm\u.L. = ^T J l(0 (85) 

where I n {l) = J x~ n jf(x)dx. For n = 1 we have ii(7) = m+fj so 

1 2 s2f/ o^ 1 

\ a lm\M.L. - „9 , 7v ( 86 ) 



Now, since this does not depend on m it is clear that the expectation of 
Ci = {21 + l) _1 I] m |ct/ m | 2 is just \ai m \ 2 and thus the observational quantity 
OBi = 1(1 + l)Ci = s 2^ independent of I and in agreement with the scale 
invariant spectrum obtained in ordinary treatments and in the observational 
studies. Now let us look at the predicted value for the observational quantity 
OBi. Using the expression s = 47iG(f>o, the equation of motion for the scalar 

"3 

field in the background in the slow roll approximation (0 = — §vV where 
V = ^t), and the first of Einstein's equations, in the background which 
gives 3(a) 2 = SnGa^V^o), we find, 

OB l = (n/Q)Gh^U* = (n/3)e(V/M 4 Pl )U* (87) 

where in the last equality we have used the standard definition of the slow 
roll parameter e = (l/2)Mj >l (V /V) 2 , and Gh = Mpf. Note that if one could 
avoid U from becoming too large during reheating, which is another aspect 
of the problem where the complications of the relevant physics might leave 
room for a departure from the standard results, the quantity of interest would 
be proportional to the small number e, a possibility that is not discussed in 
the standard treatments, so in this case we could get rid of the "fine tuning 
problem" for the inflationary potential (i.e. even if V ~ Mp h the temperature 
fluctuations in the CMB would be expected to be small). 

Furthermore we note, as can be seen from inspection of (J84|) . that if the 
evolution of the scale factor deviates slightly from the one given in ()13j) in 
such a way that /i > 0, the effect would be to decrease the value of OBi 
relative to the standard prediction of the scale invariant spectrum, for the 
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small values of I. Such effect 15 has been reported jB], as we mentioned in the 
introduction, and has been the subject of quite some interest lately. More 
details about these data can be found in pQ. Moreover we note that by a 
detailed analysis of this sort, one could in principle extract information about 
the deviations form the standard exponential expansion normally associated 
with inflation from the observational data. 

Now let us focus on the effect of the finite value of time of collapse rjl, 
that is we consider the general functional form of C(k): 

C{k) = 1 + (2/4) sin(A fc ) 2 + (l/z k ) sin(2A fc ) (88) 

where we recall that = krj — z k with z k = T] k k. The first thing we note is 
that in order to get a reasonable spectrum there seems to be only one simple 
option: That z k is essentially independent of k - that is the time of collapse 
of the different modes should depend on the mode's frequency according to 
r/l = z/k. Recall that the standard answer would correspond to C(k) = 1. 
This can be obtained here in the limit of very early collapse^ - ► — oo, or if 
one takes the time of collapse equal to the moment of observation 16 . Such 
possibility will not be considered further at this point. In the case of a finite 
value for the time of collapse what we seek is for C(k) to be independent 
of k. In such case, the collapse would need be associated with a mechanism 
that affects each mode at the appropriate time. This is a remarkable con- 
clusion which provides relevant information about whatever the mechanism 
of collapse is. This is however not enough to ensure that the resulting 
spectrum coincides exactly with the one obtained in the observations. For 
that we need to ensure that the other relevant parameter r]k does not in- 
troduce a significant k dependence. However in this case r\ which refers to 
the conformal observation time (the time at which the observed photons are 
emitted, corresponding in the realistic case to the time of decoupling), is of 

15 It is however important to recall that, as we have indicated, all that can be extracted 
from the theory is an estimate of the "most likely" value" of ai m , as it results from a sort 
of random walk of the individual collapses. What is more, the likelihood of a deviation 
has to do with the number of steps - i.e. individual collapsing modes - that effectively 
contribute to the random walk. This number in turn would be depend, as can be clearly 
seen in the discussion above (|128|l of Appendix lAl - on global features of the universe. It 
is clear that the likelihood of a deviation grows with the lowering of the values of I. 

16 One possibility that seems to emerge from the analysis this far is for such single event 
to occur at the time of decoupling so = 0. For a possible interpretation of this see 
next section. 
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course the same for all modes. Then unless the effect of the quantity rjk be- 
comes negligible we will not be able to account for an exactly scale invariant 
spectrum. 

10 Further ideas 

In this section we have collected some further ideas relating to the transition 
to classicality and inhomogeneity: In the following subsection we present a 
point of view that is to a large extent inspired in the spirit of the Many 
Universes point of view (see Sec. 0}, together with the idea that missing 
ingredient would be provided by Quantum Gravity. In Subsection 110.21 we 
discuss how a mechanism that triggers collapse based on the gravitational 
interaction energy of quantum mechanical alternatives - as envisioned by 
Penrose - can be incorporated within the present formalism. 

10.1 A special role of gravity in the Many Universes 
interpretation? 

A possible view contemplates a quantum evolution all the way up to the 
time of observation, today. In this view the gravitational field is all the 
time related to the matter through the field equation ()28|) which is imposed 
as an operator equation (no need to any semiclassical approximation in the 
linearized regime). 

Consider, for an analogy, a Stern-Gerlach experiment where we have an 
incoming electron propagating along the x-direction in a state \y, +> (spin 
up in the ^/-direction) with the magnetic field of the apparatus oriented in the 
z-direction (corresponding to a specific quantum state of the apparatus). We 
also introduce an observer which is treated quantum mechanically. In this 
case, the state of the apparatus selects a preferred basis where we can describe 
the quantum evolution. The Schrodinger evolution of the electron-apparatus- 
observer quantum system is such that, after the electron goes though the 
apparatus, the state of the system evolves into 

\ip >= (\z, +> ®\x + > ®\obs.+>) + (\z, — > (g)\x~> ®\obs.->), 

where \x ± > represent the two possible trajectories (up and down) of the 
electron passing through the Stern-Gerlach apparatus, and \obs.±> the as- 
sociated two states of the observer's mind. The choice of this basis allows the 
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interpretation of this final state where two alternative "worlds" are described 
by the state vector. In each one of these worlds the observer sees the electron 
going up or the electron going down respectively. This interpretation seems 
unambiguous due to the special role of the apparatus in selecting a preferred 
basis in the Hilbert space of the joint system. 

If we what to interpret the result of the quantum evolution of the inflaton 
field during inflation we are confronted with what seems to be a similar 
situation. On the one hand, the observations of the CMB are directly related 
to the fluctuations of the geometry at the time of decoupling. Let us for 
the moment assume that the analog of x is the value of the Newtonian 
potential if). To linearized order quantum Einstein's equations are given by 
the operator version of (J28|) which becomes: 

v 2 ^ = ^^), 

a 

It is clear that this equation connects the eigenbasis of the Newtonian po- 
tential with the eigenbasis of the momentum of the scalar field. At each 
instant of time r\ the wave function of the Newtonian potential ^(ipk) of each 
mode is related by the previous constraint to the (squeezed) state resulting 
from the evolution of the vacuum wave function of ty(ir^) associated to the 
scalar field. The state of the universe is thus given by ^(ipk) <8> ^(tt^) which 
can be written as a linear superposition of eigenstates of the Newtonian po- 
tential and the scalar field momentum. Due to the linearity of quantum 
mechanics, the evolution of the full state (which is always homogeneous and 
isotropic) can be analyzed by evolving each component separately. Every 
one of these alternatives will unitarily evolve in such a way that inhomo- 
geneities grow, form structure, produce galaxies, and finally observers, yet 
the full state remains homogeneous and isotropic. In analogy to the Stern- 
Gerlach experiment we can express the final quantum state of the universe 
as a superposition of states with its own observers. One then takes the view, 
that what quantum mechanics predicts about the universe is the probabilis- 
tic distribution of these alternatives. We can use the above formalism to 
make predictions about the inhomogeneities in our own observed world by 
using definition (J75J) in order to estimate the most likely value of |aj m | as 

V < ctfrn > which also leads to (j^Sj) with C(k) = 1. 

Of course there are certain issues with this viewpoint: 
What selects the basis? Unlike the Stern-Gerlach situation there does not 
seem to be an obvious physical input that would lead to a preferred basis 
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where to make the decomposition. One could take the view that the basis 
is the one of the eigenstates of the gravitational field. After all when we 
observe the CMB we do measure ip; therefore, as in standard situations in 
QM we select the basis when we decide what to measure. For example if one 
measures the spin of a particle in the z-direction one should write the state 
in its eigenbasis to make any prediction. This fails to address the question 
of how we are there to make the measurement in the first place. Only in a 
very specific basis would matter evolve to form observers. It seems that here 
we are again confronted to some unknown mechanism selecting this basis. 
Gravity plays a central role in the mechanisms that allows structure to grow 
and produce the conditions that lead to the existence of observers. This 
suggests that the gravitational realm is perhaps the place where this new 
element should be found. 

What are the limits to which this position can be taken? We should start by 
noting that in the position exposed above the full quantum state represents 
a set of coexistent possibilities. First of all the separation of alternatives 
cannot be made in a strict eigenbasis of any field as the conjugate quantity 
would produce large departures from what we would call the near classical 
evolution. The exact nature of the states that constitute such set of non 
interfering alternatives should be provided by the new element we are call- 
ing upon. Furthermore this element should not prevent normal quantum 
mechanical interference in standard situations. Some sort of threshold is 
needed. Presumably at the very early stages of the evolution such thresh- 
old would not have been reached, and thus the situation would have been 
described as a fully interfering quantum state, the one corresponding to the 
scalar field vacuum. This seems to take us back to a similar sort of scenario 
as the one investigated in this paper. 

10.2 A 'Penrose mechanism' for collapse 

Penrose has for a long time advocated that the collapse of quantum mechani- 
cal wave functions might be a dynamical process independent of observation, 
and that the underlying mechanism might be related to gravitational inter- 
action. More precisely, according to this suggestion, collapse into one of two 
quantum mechanical alternatives would take place when the gravitational 
interaction energy between the alternatives exceeds a certain threshold. In 
fact, much of the initial motivation for the present work came from Penrose's 
ideas and his questions regarding the quantum history of the universe. 
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A very naive realization of Penrose's ideas in the present setting could be 
obtained as follows: Each mode would collapse by the action of the gravita- 
tional interaction between its own possible realization. In our case one could 
estimate the interaction energy Ei(k,rj) by considering two representatives 
of the possible collapsed states on opposite sides of the Gaussian associated 
with the vacuum. Let us interpret \1/ literally as the Newtonian potential and 
consequently the right hand side of equation (J2B)l as the associated matter 
density. Then we would have 



E I (r ] ) = j ¥ 1) (x,ri)p {2) (x,r ] )dV = a 3 j ¥ 1 \x,r ] )p (2) (x,ri)d 3 x (89) 
which when applied to a single mode becomes: 

E( V ) = (a 3 /L e )^\rj)p^( V ) [ d 3 x = (a 3 /L 3 )^\ V )p k 2) ( V ) (90) 



where (1), (2) refer to the two different realizations chosen, and pu = <fio^k, 
= (s/k 2 )T k , where T k = it y k /a and s = 47rG0 o . From equation (J53j) we 
get | < T fc > | 2 = hkL 3 {l/2a) 2 . Then 

Ej(k }V ) = (7T/A)(a/k)hG^o) 2 . (91) 

In accordance to Penrose's ideas the collapse would take place when this 
energy reaches the 'one-graviton' level, namely when 

Er(k,ri) = M P , 

where M p is the Planck mass. Using equations and (J53J) one gets 

z k = (92) 

So Zk is independent of k which according to equation (jSS|) leads to a roughly 
scale invariant spectrum of fluctuations in accordance with observations. 

A more detailed exposition of this scenario and its ramifications is however 
beyond the scope of the present paper and will be taken up elsewhere. 

11 Discussion 

We have discussed the problematic part of the standard analysis that is 
supposed to predict the primordial spectrum of fluctuations responsible for 
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the deviation of our universe from perfect homogeneity and isotropy and in 
particular for the eventual evolution of galaxies, stars, and our own. We 
have argued that there is an essential element that is missing in existing 
proposals. We have argued that the missing element must contain some 
new physics. We have considered this issue following the line of thought 
exposed by Penrose, that such new physics might be tied to some quantum 
aspect of gravitation, and we have employed this idea in what we called 
the collapse hypothesis, which is reflected concretely in our model in the 
fact that we take the Newtonian potential to couple to expectation values of 
the quantum matter degrees of freedom, and have allowed such expectation 
values to "jump" in association with the collapse process in a particular set 
of states. It should thus be emphasized that this can be justified only if we 
declare that gravitation is, at the quantum level, profoundly different from 
other degrees of freedom as only such posture would justify the different 
treatment awarded to the gravitational and the scalar sectors in the present 
work. We have shown that a relatively simple proposal concerning a collapse 
of the wave function induced by some unknown mechanism, possibly tied to 
Quantum Gravity, can account in a transparent way for the scale invariant 
spectrum that seems to fit very well with the observations. 

In Appendix |X] we have shown a degree of robustness of our approach by 
redoing the analysis starting from the onset with a spherical mode expan- 
sion of fields, and assuming that the collapse directly affects these spherical 
modes. This fact is not entirely trivial, because as we have argued before, 
the outcome of a collapse is associated with the quantity that is selected by 
the "measurement" . Thus the exact nature of the ensemble of collapsed har- 
monic oscillators that constitute our field depends on the modes one chooses 
to define the collapsed state. However the specific statistical properties of 
the ensemble that one is examining turn out to be the same in the two situa- 
tions that we have considered. It is not unnatural to expect this result to be 
generic if one thinks of it in analogy with an EPR type of situation: The sta- 
tistical properties determined by an experimentalist on one end of the set up 
are independent of the axis of collapse selected by the choice of polarization 
used by the experimentalist in the other end, whose measurements could be 
thought to trigger the collapse in that case. However in our situation the 
possibility of some differences in other more subtle statistical aspects of the 
ensemble can not be so easily ruled out as we do have access to the system 
on which the measurements must have occurred (i.e. in contrast with the 
standard considerations for an experimentalist on one end of the EPR setup, 
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we are not denied, in principle, access to regions of the universe that might 
contain relevant information about correlations). Note on the other hand 
that access to such correlations might be ruled out using arguments similar 
to those employed by Peres to conclude that one can not experimentally de- 
termine the quantum state of a single photon, if one does not have access 
to the information of how it was prepared jHl]. One place differences can 
conceivably arise is in the correlations among the ai m for different m and 
fixed I. These issues are of course in need of further investigation. 

Furthermore we have shown that, in this scheme, the resulting amplitude 
for the fluctuations could become naturally small provided the physics at 
and after reheating does not introduce unwanted amplifications, a possibility 
that could not be easily uncovered in the standard treatments, probably due 
to the fact that they do not allow for a transparent picture of the time at 
which the departure from homogeneity and isotropy starts, and is subjected 
to different physical regimes of evolution. Thus our proposal opens the door 
for a study dedicated to eliminating the extreme fine tuning that is neces- 
sary in previous treatments. Given that our motivation had nothing to do 
with this quantitative issues we view this result as another indicative of the 
promising value of our approach. Furthermore we have indicated how a small 
departure from the exponential expansion usually associated with inflation 
could explain the observed decrease in the amplitude of fluctuations on large 
angular scales. 

It is clear the scheme is in principle susceptible to experimental exploration 
as is shown by the non trivial form of the function C(k) ( equation (jEEJ)) which 
contains information about the collapse times and modes, and which is an 
input to equation (|81jL which gives the quantities that are to be compared 
with experiment. In particular in appendixOwe show explicitly that a small 
change in the collapse scheme leads to differences in the form of this function. 
Recall that the "standard answer" would correspond to C = 1, a result that 
is not trivial to obtain in this scheme as discussed in the end of section 

In addition our treatment reveals the various different statistical aspects 
that are at hand: First there is the statistical averaging over the modes k that 
contributes to a specific ai m . Then one has the statistics that is associated 
with their average over m which leads to the observational quantity C\ or 
OB\ in terms of which the experimental results are often exhibited. This 
clear disentanglement opens the door for more elaborated statistical analysis 
of the data. In particular we note that the disappearance of all information 
concerning the size of the sphere of last scattering and the effective region of 
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the universe that contains the modes that contribute to the observations is 
particular to the examined values of the angular momentum and to the slow 
role approximation. That is, the cancellations of the quantities Rd, and L, 
from our final results would not occur if either we do not neglect the terms 
proportional to fi in ([84)1 . or if we consider small deviations from slow roll 
approximation. This would lead to the appearance of 8(f) in (|65|) . and thus 
the source term V for the Newtonian potential \l/ would contain not only the 
term proportional to y/k that comes from gtij]) but also terms proportional 
to k~ 1 / 2 and k~ 3 ^ 2 coming from yk(v)- This would result in the appearance 
of different powers of k in equations (p3§j) . (J?lj), (|7Bj) . and (J%3~|) which would 
lead to a scale dependent contribution to the spectrum. If the observations 
could be improved substantially it might be possible to see these effects. 
One potential source of information in this respect is in some sense already 
available: One could look at the observed values of the different a\ m for each 
fixed value of I instead of concentrating in their average Ci and thus extract 
from the scatter in these quantities information about the effective number 
of steps in the two dimensional random walks, that is the effective number 
of fc's that contribute to their value. This in turn would provide information 
about the "effective size of the Universe" . 

Finally we acknowledge we have said almost nothing about the physical 
process that triggers the collapse of the wave function (except the example 
considered briefly in section I1U.2I that we take at this point to be a simple 
illustrative model). We have done this consciously because our aim in this 
work was to point out the difficulties with the standard views on the issue, 
and to illustrate the kind of effect we need the new physics to bring about. 
It is clear for instance, that during the collapse process the semi-classical 
Einstein equations (jl(Jj) can not be satisfied. We have in mind however that 
this is some approximation to a more complete description including terms 
tied to quantum gravity and to the mechanism that triggers the collapse. 
Instead of equation (JTUJ), we would be considering 

G ab + Q ab = 87iG <T ab >, (93) 

where Q ab represents the back reaction of the geometry to the changes of 
the expectation values of the energy momentum tensor associated with the 
collapse of the quantum state of the field. This mechanism must therefore 
be such that the manipulation made within the semi-classical treatment of 
Einstein's gravity would be justified, except when the collapse takes place, 
the points at which the new terms would become important. In other words 
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we need Einstein's equation to be modified by a term, that reflects the mech- 
anism of collapse and that is responsible for important changes only during 
the collapse itself. It is our hope that the examination of this and the other 
requirements we have found so far for the collapse mechanism would be use- 
ful guides in constructing specific models of the new physics behind it. We 
should stress again that our ideas in this regard are strongly influenced by 
Penrose's proposals that some unknown aspect of Quantum Gravity might 
be at play. We have briefly considered one simple example of these ideas in 
110. 2[ and clearly much more detailed analysis of these issues is required. In 
this regard, and following a different line of thought, it is worth pointing out 
that the quantum uncertainties in the sources of the Newtonian potential 
could be thought as inducing the kind of quantum superposition of different 
geometries that Penrose associates with the mechanism that triggers the col- 
lapse. In this context we note that the quantum uncertainty in 5<p -which is 
the one that leads to observed spectrum - behaves as 1/a while the quantum 
uncertainty in 5<j) decreases at a much slower rate. The volume over which 
these uncertainties would in principle affect the Newtonian Potential grows 
as a 3 so their effect would in principle grow with the universe's size, and thus 
in the spirit of Penrose's ideas, the universe would, as it evolves, be approach- 
ing from below the threshold where the superposition of geometries would 
lead to a spontaneous collapse of the wave function. On the other hand we 
point out that 5<p disappeared in our treatment as a source of the Newtonian 
potential due to the slow roll approximation. Thus, one might be tempted to 
think that higher order perturbative gravitational effects associated with the 
latter could be the trigger, in the spirit of Penrose's ideas, of the quantum 
gravitationally induced collapse. These issues will be the subject of further 
investigations. 

We end by noting a paradoxical aspect of the situation in our field of 
study: On the one hand there is an almost frenetic search for any form of 
experimental manifestations of any conceivable aspect of quantum gravity, 
while on the other hand, when faced with as clear an arena for these studies, 
as the one we have treated in this work, the prevailing attitude seems to be 
to hide the mysteries under the rug and declare that everything is fine. It is 
our hope that this paper contributes to changing this situation. 



48 



Acknowledgments 



We gratefully acknowledge very useful discussions with Roger Penrose, Abhay 
Ashtekar, James Bjorken, Carlo Rovelli, Michael Reisenberger. 

This work was supported in part by DGAPA-UNAM IN108103 and CONA- 
CyT 43914-F grants, by NSF grant PHY-00-90091, and by the Eberly re- 
search funds of Penn State. HS gratefully acknowledges funding by the Max- 
Planck Society through the MPI for Gravitational Physics. 

Appendix 

A Spherical expansion 

The symmetry of the situation and the physical application makes it more 
natural to use spherical coordinates on the spatial slices, and spherical har- 
monics as a basis for the one particle space. We start again with the equations 
for the field y = a5(p, 

y-(v 2 + ^)y = 0, (94) 

where we now write the Laplacian on Euclidean three space as 

V 2 = r- 2 9 r (r 2 9 r 0) - r- 2 J 2 0, (95) 

where J stands for the angular momentum differential operator. In order to 
quantize the auxiliary field y, we consider now the field in a spherical box 
of radius R and require the field to vanish at its boundary. The standard 
separation of variables leads us to write the field in terms of the modes 

Ukim = yk(v)fki(r)Yi m (9(p) (96) 

where the Y[ m are the standard spherical harmonics and where the combina- 
tion fki{r)Yi m (9(p) are eigenmodes of the Laplacian with eigenvalue —k 2 . In 
particular we have f^i = Ckiji{kr), where ji are the spherical Bessel functions, 
and the normalization is such that 

J\ 2 dr J dQ\f kl (r)Y lm (0^)\ 2 = 1- (97) 

That is Cm = k 3 ^ 2 ^^ (xji(x)) 2 )dx]~ 1 / 2 where xf* corresponds to the i th zero 
of ji(x), and where the allowed values of k for a given / are those that satisfy 
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kR = xp . The yk(v) have to satisfy the same equation as before, and thus 
we can quantize the field y as 

y(rj 7 r,B 7 (p) = ^ [a k ,i, m y k (v) fki(r) Y lm (9(p) + a\iJy k {rj)f kl (r)Y lm (0<p)\ , 

k,l,m 

(98) 

where the sum is over the allowed values of k for each I and as usual m G 
{—I, ...,/}, and we have again chosen the positive frequency solutions given 
by (}4*T]) for the y k . The canonical conjugate to y can be written in a similar 
fashion, with g k taking the place of y k . The standard commutation relations 
are equivalent to 

[Q , k,l,m,a-k',l',m'] = hfik,k'fil,l'5m,m'- (99) 

Our definition of the components of a function F in terms of the spherical 
harmonics will be F k ^^ m := J d 3 x(f k iY[ m )*F. For the field modes we find 

y~k,i,m(v) = yk(v)a k ,i,m + yk(v)a k ,i,- m , ( 10 °) 

and express their real and imaginary parts as 

yk,i, m (v) R ■= ^/^)[yk,i, m (v)+yk,i, m (v) j } = ■^[vk(v)a k>l;m +y k (v)%lJ (101) 
Vk,i,m{vY ■= (V2i)\yk,i,m{v) + y-k,i, m {v) j } = ^[yk(v)ai,i, m -yk(v)%]i, m ]- 

(102) 

The real and imaginary components of the annihilation operators are defined 
by 



a 



R 



1 r -I 



h k,l,m ■— ~^J^flk,l,m + Q>k,l,m\ ® k ,l,m :_ ~7=[Ofc,Z,m Q>k,l,m] (103) 

and conjugation. Consequently 

[a-k,l,mi ®k',l',m') = hdk,k>8l,l>(8m,m' + $m,m') (104) 
[^k,l,mi ®k',l',m'] = fc3k,k'5l,l'(5m,m' ~ ^m,m') (105) 
[^k,l,mi ®k',l',m'] = Wk,l,mi %',l',m>] = 0- (106) 

The modes of fc^ can be decomposed in the same way. The only thing that 
changes in comparison to (jl01ll02|) is that y k gets replaced by g k . Now we 
consider the quantity of interest that is determined by the following quantity, 



d kim =< °%i, m >e:= VhD^e^Xm (107) 
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These quantities which as before associated with the collapsed state expec- 
tation value of the field and momentum, which in our model for the collapse 
are determined by the relation at the time of collapse 

< VkimiVk) >0 = Xkim,l\J X^Vkimfo = X kf,m,l\yk(Vk)\\f^, (108) 

< ^(Vt) >e = *?^(A*gg')g = x^ 2 \g k ( V t)\Jhj2, (109) 
where as before we have for any time at or after the collapse, 

<yKmfaO>e = v^M%)<i), (no) 

<^} R m \v c k )>e = v^»(<fc(ifc)<&J (111) 

Again in terms of the phases (5 k = arg(y fc ), 7 fc = arg(g fc ), where the last two 
refer to quantities evaluated at the collapse time rjl, the above equations can 
be written 

/ R,I . nc\ 1 R,i r^RJ i R, 1 i c\ 1 R,I /, 10 \ 

D k,i, m cos ( a k +Pk) = 2 X *M> D k,i,m cos { a k +lk) = 2 X kM- (H2) 

To connect to observations, we again use the relation V 2 \l/ — = sr. 
Decomposing both sides into spherical harmonics, we find 

*Hmfa) = -J^^ V *UV) (H3) 

where, once more, the factor U(k) accounts for the physical evolution from 
reheating to decoupling. The right hand side is connected to the scalar field 
via, T = so in our context 

T k ,Uv) = 1 -<t ( k y Uv)>e. (H4) 
The observational quantity cfy m can be expressed as 

aim = I ^(vD,x D )Y lm d 2 n = J2^ki m (VD)fki(R D )- (115) 
J k 

Again we see that this quantity is a sum of the complex quantities associated 
with the collapse and thus can be viewed as a two dimensional random walk 
with variable step size. We resort once more to the mathematical trick of 
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identifying the most likely value of the this magnitude with the mean value of 
an ensemble of identical instances. This corresponds to identifying the most 
likely value of the total displacement of the random walk with its ensemble 
average. Thus we write 

\ a lm\MostLikely =« \ a lm? » = « \ J2 ^ klm(V d) \ 2 », (116) 

k 

s 2 U(k)U(k') 

= £ (fc2 + ^ )(fc /2 + //) « r klm(VD)r k nm(VD) » fkl(R D ) fk>l(R D ) (n7) 

Now we evaluate this ensemble average noting that 

T klm (v) = (l/a){<^ m ( V )>e+t<^ k f m (v)>e} (118) 
= (V2/o){»^(i7)^, im )+i»^(i7)c5 A J} (119) 
= (V2/a)\g k ( V )\Vh{D^ m cos(a^ m + ^ k ) (120) 

+ *-D*,i I mCOS(«fc,J,m + 7fc)} ( 121 ) 

so that writing a^'( m + 7 = a^' l m + 7^ + A k where A k = k(i] — r}%), and using 
dTTJ), we find 

r fcIm fo) = (V2/a)b fe (7 ? )|V^(l/2){[^ )m)lV /i + l/^Sm(A fc ) (122) 
+ x2, >m>2 (co8(A*) + (l/z k )Sin(A k ))) (123) 

+ i[x£ iJimil ^/l + 1^5in(A fc ) (124) 
+ x 7 Mimi2 (cos(A fc ) + (l/z fc )«n(Afc))]} (125) 

Thus upon taking the ensemble average, and using << xf l m N x$ ml N , >>= 
5k,k'^A,A'^N,N' (where A, A' stand for R or I and N, N' stand for 1 or 2) we 
find: 

« T klm {r])T k/lm {v) »= 5 k , k >(h/2a 2 )\g k (ri)\ 2 C(k) (126) 

with C{k) given by (jHHj) . We thus have obtained a useful expression for the 
desired quantity: 

« \a lm \ 2 >> = ^^i^(V2G 2 )b fc (7 7 )| 2 C(A:)|/ w (^)r (127) 

Now we evaluate this sum. To proceed we recall that the sum is over the 
values of k such that kR = xf , the zeros of the function ji(x). Next we 



52 



write fki(R D ) = c k iji(kR D ) where c M = k 3 l 2 [& (xj^x^dx}- 1 / 2 . Thus 

fkii(RD) = CuJi(Xi l 'R D /R). Now using eq 11.170 of [35] we find Jq 1 (xji(x)) 2 )dx 
(xf^) 3 jf +l (xf^)/2. Now the approximate expression ( valid for large x) for 
the spherical Bessel functions ji(x) = (l/x)sm(x — In/ 2) ( eq. 11.161a of 
35J) we see that the i th zero of ji(x) is xp = (i + l/2)n, thus (j; + i(xf' > ) = 
(4 ) -1 = [{i + l/2)n]-\ Therefore c kl = 2 [{xf ) )/2}- 1 / 2 = (kfi/R) where 
in the last step we used the fact that the allowed values of fc, must satisfy 
kiR = xf\ We also use the fact that \gk(v)\ 2 = k/2, and thus we find 

« \a lm \ 2 »= J2 fj^l (h/2a 2 )(k/2) (2k 2 /R) \j 2 {kR D )\ 2 C{k) (128) 
which we write as 

« hj 2 »= ^ m := ^^mR D )?c{k). 

(129) 

Now we use the uniform continuity of the function F, choose e > and find 
the S > such that for \k — k'\ < 5 the corresponding \E^{k) — E^(k')\ < e, 
and then write 

oo 

k n=0 ke[n5,(n+l)S\ 

Now the number of allowed values of k = (1/R)x 1 } — (i + l/2)n/R in the 
interval [nd, (n+ 1)8] is N = R5/n. Then we can write 

; °° roc 

Y,E{k) = r 1 Y, NE {l) (n5)5 = (R/n) / E (l) {k)dk (131) 

k n=0 1/0 

where in the last step we have taken the limit e — > 0. Thus we finally obtain, 

«h m | 2 » = —-(R/tt) E (l) {k)dk (132) 
2a rC Jo 

US 2 r U(k) 2 k 3 ^2 {kRD)] 2 c{k)dk (133) 



2a?n Jo (k 2 + /j,) 2 
which is the same result that was obtained in the analysis of Section El 
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B On the meaning of the Newtonian poten- 
tial 



Let us consider the space-time given by the perturbed metric: 

ds 2 = a(r]) 2 [-(1 + 2m)drf + (1 - 2*)6 ij dx i dx j 
In this space-time light will travel according to 



drj = ± 



;i-2*) 

1 + 2*) 



1/2 



dx « ±(1 - 2*)cfo; 



(134) 



(135) 



We want to consider light signals being emitted from the surface of last 
scattering at a given r\r> and arriving to us from all angular directions. We 
will assume that we and the CMB radiation emitting plasma are at rest in 
the background space-time so that both we and the plasma fluid follow world 
lines of fixed x. 

Thus a light signal that starts at at a given position x e and arrives 
to the origin at x = at rj^\ will satisfy 



[1 - 2^)dx 



(136) 



Consider a second signal emitted an extremely short time after the first one 
we are thinking of fractions of a second), and from the given position x e at 
+ 5% and its arrival to the origin at x = at rj^ = rj^ + 5r) . It 
is clear then that 

''" l-2^)dx (137) 



vi 2) 



4 2) 



and therefore 5r) e = 5r) . Now let us consider the actual proper times mea- 
sured by observers at rest between the two emission events Sr e and between 
the two detection events 5r . It is clear that 5t = a(rj) [1 + 2\f r ]( 1/2) £77 
a(r/)[l + ^]5rj so 



5r e = a(r) e )[l + ^ e ]5r) e , 5t q = a(r) )[l + ^ e }Sr] 



Thus we find 



5t a(r) 



*o)[l + *e 



(138) 



(139) 



5r e a(r] e ) 

where it is clear that all the angular dependence is in the factor [1 + \l/ e ] , while 

a(f) e ) 



^sl(l + * G ) represents the combine effect of the overall cosmic expansion 
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and the gravitational potential at our location. The quantity |^ is clearly 
encoding the standard gravitational red-shift and is equal to the frequency 
ratio v j v e which in turn is associated with the temperature of the observed 
CMB. Note that the whole angular dependence is in \I/ e , so it is clear that 
what we have been computing is indeed an observable quantity, and in that 
sense it is gauge invariant. 

C Alternative Collapse Scheme 

Here we want to consider an additional natural possibility for the collapse. 
The main motivation is to explicitly show how observational data could be 
use to shed light into the details of the collapse mechanism. The idea we 
consider here is that as it is only the field's momentum which acts as a 
source, at leading order, for the Newtonian potential, it should be only this 
quantity that would be subjected to a change in the expectation value during 
the collapse. This view seems to be close in spirit to the ideas of Pen rose 
regarding the quantum uncertainties that the gravitational potential would 
be inheriting from the matter fields quantum uncertainties, as fundamental 
factors triggering the collapse. In such a situation we would have a collapsed 
state for which for |0) after collapse: 

< >e= 0, < >e= X** (140) 

where X k ' are random variables, distributed according to a Gaussian dis- 
tribution centered at zero with spread (Att^ R,I )1, respectively. Thus 

< * { k y)R,I (vt) >e = xFy/(Aitto)l = xF\gM)\rfM, (141) 

where x k are now distributed according to a Gaussian distribution centered 
at zero with spread one. In this situation the whole analysis of Section |U] 
goes through, with the only difference being that now we have: 

F(k) = (x* + ix{) [cos(A fc ) - (1/ Zk ) sin(A fe )] (142) 

so that 

(F(k)F$j) = 6 k>k >[I + (1 - {l/zl)) sin 2 (A fe ) - (l/z k ) sin(2A fc )] (143) 
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And therefore 



. 2 s 2 h rU 2 (x/R D )C'(x/R D ). 2 ,, 3 , nAA , 

hX ost ^ = J ^ + jf(x)x 3 dx (144) 

where now the function C is slightly different from the one found in the 
democratic collapse model, and is given by 

C'(k) = [1 + sin 2 (A fc )(l - (1/zD) - (l/z k ) sin(2A fc )] (145) 

We see that in principle the observations could help distinguish between the 
different collapse models, and therefore it is clear that the question of the 
exact mechanism for the origin of the primordial fluctuations is both affected 
and can help shed light on a fundamental issue in our understanding of 
quantum mechanics as applied to the universe as a whole. 
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